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Fracture Toughness of Free-Standing ZrSix Thin
Films Measured Using Crack-on-a-Chip Method
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Silvester Houweling , and Fred Bijkerk

Abstract— In this work, we experimentally measure fracture
toughness of free-standing zirconium ZrSix thin films using the
crack-on-a-chip method. In this method, fracture toughness is
determined from the analysis of cracks, which propagate and
arrest in specially designed free-standing test structures. The test
structures use a well-known double cantilever beam geometry,
which enables crack arrest, and don’t require any external force
actuation, but instead rely on the internal tensile stress of the
tested thin film. To produce the ZrSix test structures, a universal
fabrication process was developed and used, which avoids typical
issues related to etch selectivity and that can be readily applied
for other thin film materials. Unlike in previous studies, which
used the crack-on-a-chip method, in this work crack initiation
was triggered only after the test structures were fully fabricated,
which allowed to avoid the influence of the fabrication process
on the extracted toughness values. For this, blunt pre-cracks
included in the structures were “sharpened” using focused ion
beam, which resulted in rapid crack propagation and subsequent
crack arrest. Mechanical analysis done by a finite element method
to extract the values of fracture toughness, showed that buckling
of the free-standing thin film test structures has a strong influence
on the results of fracture toughness calculations and therefore
cannot be ignored. The fracture toughness of ZrSix thin films
was determined to be 2.1±0.13 MPa∗m0.5.

[2021-0166]

Index Terms— Fracture toughness, thin films, free-standing,
buckling, method, EUV pellicle.

I. INTRODUCTION

ADVANCES in thin film technology and microfabrication
have been made continuously over the past decades,

which now allows for fabrication and use of free-standing thin
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films in various applications, such as MEMS-based sensors,
actuators, and electron and x-ray transparent membranes.
A particularly challenging application is the use of large-scale
free-standing ultra-thin films in extreme ultraviolet (EUV)
pellicles. The large free-standing area (10 cm × 14 cm),
high internal tensile stresses (several hundreds of MPa or
higher), and extremely small thickness (sub 50 nm) make
EUV pellicles susceptible to mechanical failure. The reliability
of an EUV pellicle is often limited not by the intrinsic
tensile strength of the material, but by fabrication-induced
defects. In the presence of a defect, the maximum stress
that the material can withstand without fracture, i.e. the
fracture strength σ f , is determined by the fracture tough-
ness parameters KI C , KI I C , and KI I I C , corresponding to
three fracture modes, respectively: mode I (crack opening
mode: tensile stress perpendicular to the crack surface), mode
II (sliding mode: shear stress parallel to the crack surface
and perpendicular to the crack front), and mode III (tearing
mode: shear stress parallel to the crack surface and the crack
front). In free-standing membranes with uniform equi-biaxial
internal stress, such as EUV pellicles, fracture predominantly
happens via mode I [1], [2] and fracture strength can be
determined as σ f = K I C√

2πa
, where a is the size of the flaw

(e.g. crack). Characterization and improvement of fracture
toughness are essential for designing mechanically strong and
reliable free-standing thin film components, including EUV
pellicles. Despite this, however, the literature shows no reports
on the characterization of the fracture toughness of metal
silicide thin films, which are considered to be promising
candidate materials for the next generation EUV pellicles
thanks to their high thermal stability, yield strength, and EUV
transmission [3].

The common approach for determining fracture toughness
is to introduce a defect in the tested material, i.e., a pre-
crack, and measure the mechanical load required to initiate
fracture. For a free-standing thin film, manufacturing a pre-
crack and the application of a load become increasingly more
challenging as the thickness of the tested film decreases. Sev-
eral different techniques have been developed to address these
challenges. For instance, some researchers used a method,
in which fracture toughness is determined by measuring the
load needed to initiate fracture from blunt pre-cracks produced
by lithography or Focused Ion Beam (FIB) [4], [5]. However,
while relatively easy to manufacture, blunt pre-cracks lead
to over-estimation of fracture toughness values determined
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from the onset of fracture, especially for brittle materials.
In order to be representative of a real crack, the radius of
curvature of the pre-crack needs to be smaller than the size
of the process zone, which in brittle materials can be as low
as several nanometers, much smaller than what is available
using lithography or FIB. To avoid this over-estimation of
the fracture toughness, several researchers used pre-cracks
introduced by nanoindentation [6], [7], [8], [9]. For this, the
area on the substrate is indented next to the patterned thin film
before it is released from the substrate, which results in an
atomically sharp arrested crack in the thin film. Still, applying
mechanical load to the tested film remains challenging, as it
requires the use of special actuator devices fabricated on-
chip [6], [7] or external actuation [9], which must be carefully
aligned with the sample. Another novel method of thin film
toughness characterization that does not require any external
actuation or introduction of atomically sharp pre-cracks was
recently proposed by Jaddi et al. [10], [12]. The method uses
specially designed internally stressed test structures to initiate
and arrest atomically sharp cracks in free-standing thin film
samples. In this method, the tested film is patterned to form
special test structures, which upon release from the substrate
produce atomically sharp arrested cracks, that are afterwards
analysed to extract the fracture toughness. Crack propagation
is enabled by the pulling force, which can be created by the
internal tensile stress in the tested thin film [10] or, if the
tested film is compressive, by a second dedicated thin film
layer with known tensile stress [12]. The method has two
big advantages, which make it very attractive for studying
fracture in free-standing thin films. First, fracture toughness is
extracted from the analysis of atomically sharp cracks, which
avoids over-estimation that is inherent to the methods that
use crack initiation from a blunt pre-crack. Second, cracks
are initiated and propagated by the internal stresses, which
significantly simplifies and speeds up the testing procedure
compared to the other methods, which require very careful
application of external forces.

While the crack-on-a-chip method has clear advantages over
other toughness measurement techniques, several challenges
remain, such as avoiding the influence of the fabrication
process on crack propagation, which occurs while the test
structures are being released from the substrate, and the need
to improve the mechanical analysis by taking into account the
out of plane deformations of the free-standing thin film test
structures. The goal of this work is to address the shortcomings
of the original crack-on-a-chip test method and apply it to
measure mode I fracture toughness of ZrSix thin films, one of
the candidate materials for EUV pellicle cores.

II. CRACK-ON-A-CHIP TEST

In the crack-on-a-chip method, a free-standing thin film is
patterned to form a double cantilever beam (DCB) [11] test
structure. A schematic of the test structure configuration used
in this work is given in Fig. 1. The structure consists of a
sample beam containing a pre-crack and two actuator beams,
which apply pulling force on the sample as a result of the
internal tensile stress in the film. If the force provided by the

Fig. 1. (a) Top-view schematics of a test structure used in the crack-on-a-chip
test method in this work. (b) Bird’s eye view 3D schematic showing multiple
free-standing test structures with varied designs produced on a single chip.

actuator beams is sufficient, a crack will initiate from the tip
of the pre-crack and propagate along the sample beam. Instead
of being directly clamped to a the rigid substrate, both ends of
the sample are attached to the narrow support beams, which
act similarly to the spring-type supports used in [12]. The use
of flexible supports allows for some amount of deformation
and relaxation of stress acting along the sample beam in the
direction of crack propagation. This helps to improve the
directional stability of cracks and minimize crack kinking
issues frequently observed in test structures with the original
configuration, in which the sample was directly clamped to the
substrate [10]. Thanks to the DCB geometry, the static energy
release rate Gs driving the crack propagation, which is given
by Gs (a) = − 1

t
∂U (a)

∂a (where U is the elastic energy stored
in the test structure and t is the film thickness), decreases
with the increase of crack length a. As a result, the crack
will arrest after reaching a certain length ac. By knowing
the length of the arrested crack, the dimensions, and elastic
properties of the test structure, one can perform mechanical
analysis to determine fracture energy Gc (energy spent on
crack creation) and fracture toughness KI C (not to be confused
with the generic term toughness, which is commonly used to
refer to both fracture toughness KI C and fracture energy Gc):

KI C = √
Gc E (1)

where E is Young’s modulus.
To extract fracture toughness, one needs to consider the

history of the fracture process. In the original experiment
scheme used by Jaddi et al. [10], [12] crack propagation
happens in two stages: rapid crack propagation and slow
stable crack propagation. To make the slow stable fracture
stage possible without the use of controlled actuation, the
dimensions of the test structure pattern are selected such, that
the sample beam is released from the substrate first, while the
released (free-standing) length of the actuators La pulling on
the sample beam is gradually increases during the etch process.
As a result, value of static energy release rate Gs , which
drives the crack, continuously increases during the release
process. Once the load provided by the actuators is sufficient,
a crack initiates from the tip of the pre-crack and starts rapid
propagation [13]. At the beginning of the rapid propagation
stage, the energy release rate Gs(a, La) is higher than the
fracture energy Gc dissipated by the crack. As a result, the
excess released elastic energy is temporarily stored in form
of kinetic energy and pressure waves. As the crack length
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a increases, the energy release rate Gs(a, La) decreases and
eventually becomes lower than Gc. After this moment, the
energy deficit required for further propagation is covered by
the stored kinetic energy. Eventually, when all kinetic energy is
depleted and the value of Gs(a, La) is not sufficient to sustain
further propagation, the crack arrests. The final crack length,
a, formed after the first propagation stage is determined by
the energy balance:

Gc =
∫ a

0

Gs (x, La) dx

a
= 1

t

U (0, La) − U(a, La)

a
(2)

where U (0, La) and U (a, La) are the values of elastic
strain energy stored in the free-standing test structure just
before crack initiation (zero crack length) and after crack
arrest, respectively and t is the thickness of the test struc-
ture (thin film). Note that actuators are released slowly and
their free-standing length La is virtually unchanged during
the rapid crack propagation stage. The etch process is then
continued, which leads to a further increase of the length of
the free-standing part of the actuator beams La and, as a result,
increase of Gs(a, La). Once the value of Gs(a, La) reaches
the value of fracture energy Gc, the crack continues propa-
gation in the slow stable regime and arrests only when the
release process is complete (i.e. when the actuators have been
made fully free-standing). During the slow crack propagation
stage, the static energy release rate is constant and equal to
the fracture energy:

Gc = Gs (a, La) = −1

t

∂U (a, La)

∂a
(3)

By analysing the cracks in the final released structures and
using equation 3, one can then determine the fracture energy
Gc and corresponding fracture toughness KI C of the studied
thin film material. However, this approach, in which crack
initiation and propagation occurs during sample fabrication
has some shortcomings. First, the excess energy released at
the beginning of the rapid propagation stage can cause an
“overshoot” of the crack length, leading to the situation when
the energy release rate is too low to enable further slow
crack propagation even when actuators are fully released.
Therefore, to avoid the risk of under-estimation of the Gc

values, it is necessary to ensure that the rapid propagation stage
is indeed followed by a slow one, for example by periodically
stopping the release process and measuring crack length. The
second shortcoming is that crack propagation occurs during the
etching of the substrate in a chemically active environment.
This can influence the results of the measurements in case
the tested layer is not perfectly resistant to the etchant or if
the etchant species adsorb on the crack surfaces changing the
surface energy [14], [15]. Furthermore, when a liquid etchant
is used to release the test structure, supercritical drying must
be used to prevent liquid surface tension forces from affecting
the arrested crack.

In order to avoid these issues, in this work, the experimental
procedure was modified such, that crack propagation happened
only after sample fabrication was complete. For this, tests
structures were produced, which didn’t produce enough force
to initiate the crack from the blunt pre-crack. The pre-cracks

in the un-cracked free-standing test structures were then
sharpened using Ga focused ion beam (FIB) milling, which
increased the stress concentration at the tip of the pre-crack
causing crack initiation. As a result, crack propagation and
arrest occurred in the vacuum of the FIB chamber, preventing
any environmental impact on the measured fracture toughness.
It is important to note, that in this case, crack propagation
occurs in a single rapid stage. Therefore, the value of fracture
energy Gc is determined from the total amount of elastic
energy released during crack propagation (equation 2), rather
than from the value of static energy release Gs (equation 3),
like in the original crack-on-a-chip method, where the fracture
ends with slow crack propagation.

III. MODELLING

A. 3D FEM Simulations of Buckled Crack-on-a-Chip Test
Structures

In this section, we describe the details of 3D finite element
method (FEM) simulations, which were used to calculate Gc

values in the experiment. In comparison with the previous
studies [10], [12], which use 2D plane stress approximation,
analysis done in this work takes into account the out-of-plane
buckling of the thin film test structures, which, as will be
shown in section III B, has a significant influence on the
extracted Gc and, as a result, KI c values.

In this work, fracture energy analysis was done by evalu-
ating elastic strain energy with static FEM simulations. For
this, for each propagated and arrested crack analysed in
the experiment (section V A), two static FEM simulations
were performed: one replicating the un-cracked structure and
another one replicating the structure with the arrested crack.
Fracture energy was then determined as the difference in the
elastic energy stored in the static test structure before and
after fracture (which was evaluated using the built-in function
in the simulation software) divided by the fracture area, i.e.
using equation 2 (the exact expressions are given further
in section V A, along with the details of the experimental
procedure).

Static 3D FEM simulations and evaluation of the elastic
energy stored in thin film structures were done using Structural
Mechanics module in Comsol Multiphysics software pack-
age [16]. The material was described using a linear elastic
isotropic model and the initial condition was set to be a
uniform equi-biaxial plane stress state, mimicking the stress
state in the thin film before patterning and release. A fixed
boundary condition was applied at the ends of the support
beams and the actuator beams, which in the real structures
are connected to the rigid substrate, whereas the rest of the
structure was allowed to relax.

When the initial stresses are acting in-plane and no external
forces in the out-of-plane direction are applied, the 3D model
produces a flat solution with no out-of-plane displacements,
equivalent to a solution that can be obtained using 2D plane
stress approximation. Fig. 2a-b show the distribution of the
stresses acting along the x and y-axis in the case of such a
flat solution, which was obtained for a typical test structure.
As can be seen in Fig. 2a, even though initial stress in the
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Fig. 2. Distribution of (a) σxx and (b) σyy stress in the flat test structure, i.e.
with no out-of-plane displacements. Simulation parameters: E = 180 GPa,
t = 90 nm, v = 0.2, σ0 = 470 MPa, Wa = 20 um, Ws = 30 um, Ls = 60 um,
La = 60 um, Wsupport = 10 um, ac1 = 0 um (no crack on the left side),
ac2 = 34 um (right crack).

film is tensile, the stationary stress distribution formed upon
relaxation of the model is characterized by several areas where
the σx x stress is compressive (negative). More specifically,
large negative σx x is developed along each of the 6 free
edges of the test structure oriented along the x-axis: two
on each side of the crack and four more along each of the
edges of the sample beam. These compressively stressed areas
are caused by the combination of two factors. First is the
relaxation of the stress along the sample beam, which is made
possible by the use of deformable support beams, which are
introduced to minimize crack kinking issues, discussed in
section 2. Second is the Poisson effect [17], which results in
the further decrease of σx x due to relaxation of σyy near the
free edges. In comparison, σyy , shown in Fig. 2b, remains
tensile near the free edges oriented along the y-axis, due
to the fixed boundary condition (i.e. attachment to the rigid
substrate), which prevents relaxation of stress along the y-axis.
As mentioned earlier, such a flat state with large areas of
compressive stress is only possible in the idealized model,
in which no out-of-plane forces exist. In reality, however, any
smallest disturbance can result in the formation of buckles
and relaxation of the compressive stress in these areas, which
in turn will affect the stress distribution in the rest of the
structure. Therefore, buckling needs to be taken into account
to allow for accurate fracture toughness determination. The
effect of buckling on the values of static energy release rate
and elastic energy are discussed in section III B.

To induce buckling in the simulations, external out-of-
plane forces were selectively applied to the test structure,
specifically to the small (usually about 1 μm2) areas within
each of the 6 regions with high compressive values of σx x .
The direction of force (positive or negative z-direction) applied
to each of the regions can be chosen independently, which
allows to obtain various physically possible stable buckling
modes characterized by the buckling direction in each of the
compressive regions. To ensure that the external load does
not produce any mechanical work on the test structure and
doesn’t affect the final stress distribution, the forces were set
to be active only if the deflection at the loading point was
small (in comparison with the final deflection). Therefore, the
external loads automatically “switched-off” after the first sev-

eral iterations of computation, once the model was forced out
of the flat state and began converging to the desired buckling
mode. As a result, the values of elastic energy extracted for the
final simulated thin film structure were determined only by the
geometry (structure and crack dimensions), elastic properties
of the thin film (Young’s modulus E , Poisson ratio v and
internal stress σ0), and the particular buckling mode.

It should be noted, that symmetric structures with support
beams (used in this work and in [12], also can be referred
to as double-DCB) are not the only type of crack-on-a-chip
structures, which buckle. Another type is the asymmetric
structures (used in [10] and [12], single-DCB), in which one
of the sample beam ends is free-hanging and stress relaxation
along the sample and, as a result, buckling can occur without
the need for use of support beams instead of direct clamping
to substrate. It also should be mentioned, that in contrast
to symmetric structures with support beams and asymmetric
ones, symmetric structures, which are directly clamped to
rigid substrate [10], cannot relax tensile stresses acting along
the sample beam and, as a result, do not buckle. However,
as previously discussed in section 2 and in [10], [12], tensile
stress acting along the sample beam makes crack propagation
directionally unstable and therefore is unwanted in the crack-
on-a-chip test.

B. Influence of Buckling on the Elastic Energy and Static the
Energy Release Rate

As discussed in the previous section, presence of buckles
influences the stress distribution in the thin film structures,
which in turn determines the values of elastic strain energy
that are used to calculate fracture energy. Therefore, it is also
useful to discuss the influence of buckling on the elastic energy
U(a) and the static energy release rate Gs(a) (which is not
used for determination of Gc in this work, but is relevant in
the case of slow stable crack propagation [10], [12]).

Results of the analysis presented in this section were
obtained by performing static FEM simulations of a typical
crack-on-a-chip structure containing a single crack. Series
of static simulations with systematically varied crack length
an = n ∗ �a were performed. Elastic energy stored in the
simulated structures was evaluated as a function of crack
length, and then differentiated using backward finite difference
approximation to determine the static energy release rate:

Gs (an) = 1

t

U (an−1) − U (an)

�a
(4)

As noted in the previous section, the buckling mode can be
selected in the model by changing the direction of the external
forces, which allows to obtain any of the stable modes and,
most importantly, match the experimentally observed profile in
order to accurately determine U and Gs values. Here, however,
to illustrate the effect of buckling, we will only consider a few
of the buckling modes together with a flat solution, which
was obtained without the application of external forces. The
distributions of out-of-plane displacements for the considered
buckling modes are presented in Fig. 3. It can be seen, that
in each mode there exist 6 separate areas characterized by
large displacement (buckles) and those areas correspond to
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Fig. 3. Distributions of out-of-plane displacement h, which show different
examples of stable buckling modes: (a) buckling mode symmetric with respect
to x and y axes (mode A), (b) mode antisymmetric w.r.t. x-axis (mode B),
(c) example of a mode, symmetric w.r.t x-axis and no symmetricity w.r.t.
y-axis (mode C), (d) example of an asymmetric buckling mode (mode D).
The simulation parameters are the same as the ones used in Fig. 2, with the
exception of artificial forces applied to induce buckling.

the regions with compressive stress, observed in Fig. 2a. The
difference in the direction of each of the 6 main buckles
results in slight differences in stress distribution between the
buckling modes, which in turn determines the values of elastic
energy U(a) and energy release rate Gs(a). Fig. 4 shows the
change U(a) and Gs(a), calculated as a derivative of U(a),
as a function of the crack length for the modes presented in
Fig. 3 and a flat solution. The amount of elastic energy stored
in the structure U(a), shown in Fig. 4a, reduces, as crack
length increases. The energy release rate Gs(a) driving the
crack propagation also decreases as the crack grows, which
eventually will cause the crack to arrest. It can be noted, that
while both U(a) and Gs(a) differ only slightly between the
buckling modes, the difference between the values calculated
for the flat solution and any of the buckling modes is much
larger. As can be seen from Fig. 4a, relaxation of the com-
pressive stresses by buckling results in a significantly lower
amount of energy stored in the buckled structures, compared
with the flat one. As a consequence, the values of the energy
release rate Gs(a), which is a derivative of U(a), are changed
dramatically by taking the buckling into account. As shown
in Fig. 4b, with buckles, Gs(a) is about twice higher than in
the flat structure when the crack is short, however, for longer
cracks the opposite is true. This illustrates the fact that 2D
analysis can lead to both under- and over-estimation of the
real fracture energy values and therefore shows the importance
of taking the out-of-plane displacements into account.

The difference between various buckling modes is much
smaller in comparison with the difference between the flat
case and any of the buckling modes. The difference in Gs(a)

Fig. 4. (a) Total elastic energy U and (b) static elastic energy release Gs
for the four buckling modes shown in Fig. 3 and a flat solution, with no out-
of-plane displacements. The simulation parameters used are the same as the
ones used in Fig. 2 and Fig. 3.

between the modes typically does not exceed 10% and depends
on the exact dimensions of the test structure and length of
the cracks. Instead, the more important difference between the
buckling modes is in the mode of crack loading, or fracture
mode. In case when displacements are symmetric along the
crack propagation direction, such as the case for modes A and
C presented in Fig. 3, the crack is loaded in a pure mode
I, i.e. no in-plane or out-of-plane shear stresses act on the
crack surface. For the anti-symmetric buckling modes, such as
mode B in Fig. 3b, the loading becomes mixed, with an added
mode III component, which is characterized by the out-of-
plane shear stresses. Finally, when buckling is asymmetric with
respect to the direction of crack propagation, the crack loading
mode will in general also be mixed and have contributions
from all the three modes: in-plane crack opening (mode I),
in-plane shear (mode II), and out-of-plane shear (mode III).
This, in principle, allows one to study the effect of the loading
mode on fracture toughness. However, in the case of the rapid
fracture, evaluation of the contribution of the different modes
requires a significant modelling effort, due to the need to take
into account the movement of the buckled test structure, which
can lead to dynamic change of the loading mode during crack
propagation. Therefore, the case of symmetric buckling mode
(e.g. Fig. 3a and Fig. 3c) is the preferred one for the fracture
toughness testing, since it allows for pure mode I type of crack
propagation and allows to extract KI C , commonly used to
describe fracture resistance of materials.

C. Relation Between the Elastic Properties and the
Magnitude of Buckles

Buckling deformation of the thin film structure is deter-
mined by its’ geometry and elastic properties, namely Young’s
modulus E , Poisson ratio v and internal stress σ0. Since
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Fig. 5. Normalized out-of-plane displacement h/hnorm of the mod-
elled test structure evaluated at different locations on the structure plotted
against the ratio between internal stress σ0 and biaxial modulus E

1−v . The
insert indicates locations where displacements were evaluated. Geometric
dimension parameters used in simulations are the same as ones given in Fig. 2.
Values of σ0, E and v in the simulations were varied from 100 to 1000 MPa,
from 100 to 300 GPa and from 0.15 to 0.25, respectively.

buckling occurs in discrete buckling modes, the exact mode
observed in the experiment can be replicated in FEM sim-
ulation and the measured amplitude of the buckles can be
thus used to evaluate the elastic properties of the thin film.
To establish the relation between the elastic properties of the
thin film structure and the magnitude of buckles, we performed
a series of simulations with systematically varied values of E ,
v and σ0.

Figure 5 presents the results obtained by FEM for a sym-
metric buckling mode in a typical crack-on-a-chip structure
(FE model was identical to one used to produce Fig. 3a,
with the exception that E , v and σ0 were varied). The graph
shows the values of normalized out-of-plane displacements
h/hnorm evaluated at several locations in the structure plotted
against the ratio between the internal stress σ0 and the biaxial
modulus E

1−v . The values of normalization parameters hnorm

for each of the considered points (points a, b, c indicated in
the insert in Fig.3) correspond to the values of h obtained
in the simulation with the largest value of σ0(1−v)

E . As can
be seen, for the considered range of parameters (which was
chosen to cover the parameters of the studied ZrSix films)
the buckling profile (i.e. displacement at each point in the
structure) is uniquely determined by this ratio, which is also
equal to the in-plane strain: ε0 = σ0(1−v)

E . In cases, when
two out three parameters (E , v and σ0) are known or can be
measured by a supplementary method, this one-to-one relation
between the magnitude of formed buckles and the σ0(1−v)

E ratio
can be used to evaluate the third elastic parameter. As further
described in section V, this approach was by us to determine
the values of internal stress σ0 in the ZrSix thin film.

IV. SAMPLE FABRICATION

To fabricate the ZrSix crack-on-a-chip test
structures, the process shown in Fig. 6 was used. The
main idea behind the developed fabrication process is that

Fig. 6. Schematic of the sample fabrication process.

during all the steps the ZrSix layer is protected by the silicon
nitride layers, which are removed by physical sputtering using
an Ar ion beam at the last release step. This allows to avoid
the selectivity issues, which are often encountered when
chemical etching is used and makes the process universal
allowing it to be applied for any desired tested layer.

The process starts by preparing free-standing silicon-rich
silicon nitride (SiRN) membranes, which are used as substrates
for deposition of the tested ZrSix layer. The choice of SiRN
layer was made because of its low internal stress (using bulge
test method [4], [5], [18], SiRN membranes were measured
to have internal stress of σ0 = 0.25 GPa), which helps to
minimize failure of membranes during fabrication. To fabricate
SiRN membranes, a 100 nm thick LPCVD SiRN layer is
deposited on the front and back sides of 385 μm thick
(001) oriented 4 inch Si wafers. The SiRN layer on the
backside was patterned using positive resist photolithography
and reactive ion etching to form window openings. Following
that, Si was etched in 25% tetramethylammonium hydrox-
ide (TMAH) solution at 90◦ C for approximately 10 hours
to form free-standing SiRN thin film membranes (step 1 in
Fig. 6). The final thickness of the membrane layer was 83 nm,
reduced from the initial value of 100 nm due to the slow
etching of the SiRN layer in the TMAH solution.

Free-standing SiRN membranes were then used as sub-
strates for the deposition of the ZrSix layer. A 90 nm thick
ZrSix layer was deposited by magnetron co-sputtering from Si
and Zr targets using Ar sputter gas. The composition of the
film was close to stoichiometric ZrSi2 and was determined
to be Zr0.28Si0.72 by Rutherford backscattering spectrometry
(RBS). It should be mentioned, that attempts to use exact ZrSi2
stoichiometry were made, however, high tensile stress forming
in the stoichiometric ZrSi2 upon crystallization resulted in
frequent fracture of the test structures during fabrication.
Therefore the focus was made on slightly silicon-rich films
(Zr0.28Si0.72), which had lower stress and, as a result, much
higher yield. To protect the silicide layer during the following
processing steps (high-temperature annealing and Cr etch),
a thin 5 nm SiNx layer was deposited as a cap by magnetron
sputtering of Si in an Ar+N2 gas mixture. After the ZrSix
layer was capped, it was annealed for 2 hours at 500◦ C in
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an atmospheric N2 oven to make the layer thermally stable,
induce crystallization and create tensile internal stress.

Patterning was done by using an Ar beam etch. In order to
avoid the issues with photoresist mask hardening caused by
Ar bombardment [19], patterning of ZrSix was done through
an intermediate Cr mask. For this, a 300 nm thick Cr layer
was deposited by magnetron sputtering and patterned using
photolithography and ammonium cerium (IV) nitrate-based
wet etchant (step 3). The photoresist layer was then stripped
in acetone, followed by rinsing in isopropyl alcohol (step 4).
After the Cr mask was patterned, the supporting tensile SiRN
layer (σ0 = 0.25 GPa) was replaced by a compressive SiNx
layer (σ0 = −2 GPa) (step 5). For this, the SiRN layer is
removed using Ar ion beam etch and an 80 nm thick SiNx
layer is then deposited on the bottom side by magnetron
sputtering of Si in an Ar+N2 gas mixture. Replacement of
the support layer was done in order to prevent uncontrolled
continuous crack propagation in the membrane during the fol-
lowing steps of fabrication. A tensile support layer is necessary
during the first half of the fabrication process, to allow for
the lithography step and prevent buckling and development
of stress gradients during ZrSix deposition. However, it was
observed that the use of the tensile support layer during
pattern etching (step 6) almost always resulted in the failure
of the whole membrane containing the array of test structures.
The reason for this is that if a crack was to originate in
one of the test structures, the tensile stress in the partially
etched ZrSix + SiRN openings (i.e. holes in the test structure
pattern) prevented cracks from arresting, allowing them to
be transferred from one structure to the next, leading to the
failure of the whole membrane. Replacement of the tensile
support layer by a compressive one reduced the average stress,
preventing such early membrane failure.

After the replacement of the support layer, the test structure
pattern was transferred from the Cr layer to the ZrSix by an Ar
ion beam etch (step 6). The remaining Cr mask was stripped
using wet Cr etch, resulting in ZrSix layer capped with a 5 nm
SiNx layer from the top side and supported by an 80 nm SiNx
layer on the bottom side (step 7). Following that, an Ar ion
beam etch was used to remove the SiNx layers: first, the top
5 nm cap layer and then the supporting 80 nm layer, resulting
in the final released 90 nm thick single layer ZrSix crack-on-
chip structures (step 8).

To measure the fracture toughness of the ZrSix layer,
144 test structures with varied geometries were fabricated,
which was done to find the optimal designs that can survive
the fabrication without fracturing. More specifically, straight
and tapered actuator shapes were used, with the length La

varied between 60 μm and 120 μm. Furthermore, the width
(measured at the narrowest point for the tapered actuators)
of the actuators Wa and the sample beam Ws was varied
between 10 μm and 30 μm. Despite having more than a
hundred samples, only 18 of them survived fabrication. The
main reason for this was the use of excessively sharp pre-
cracks, which caused a large number of samples to fracture
already during fabrication. Since crack propagation, in this
case, occurs in the structure with some unknown SiNx layer

remaining, no reliable information on fracture toughness could
be extracted for those samples.

V. FRACTURE ENERGY MEASUREMENTS

A. Crack Initiation by FIB

The experimental procedure performed to measure the frac-
ture energy of ZrSix thin films consisted of two main steps:
1) triggering crack propagation by FIB and then measuring
the lengths of produced cracks, and 2) determining the value
of internal stress using the approach described in section III
C. These experimental parameters were then used in FEM
simulations to calculate values of the Gc for each of the
fracture events triggered by FIB. The results of fracture energy
measurements are presented and discussed in the next section
(section V B), while in this section we describe the details of
the FIB procedure.

As mentioned earlier in section II, to initiate fracture in the
un-cracked test structures, the blunt pre-cracks produced by
photolithography were further “sharpened” using FIB. To do
this, a small triangular notch with a length of approximately
1-2 μm and a width of 300-500 nm was milled at tips of
the pre-cracks. Milling was done using Ga beam with the
beam energy of 30 kV and the current of 26 pA. Depend-
ing on the exact size of the milled area, each milling step
took approximately 10-30 seconds to complete. It should be
mentioned, that damage and ion implantation caused by FIB
milling may affect the fracture properties of the material,
therefore values of fracture initiation toughness obtained from
FIB milled pre-cracks need to be carefully examined in each
case [20], [21]. In this study, Gc is evaluated over the whole
crack length (in the order of 10 μm), which was significantly
larger than the typical size of the FIB damaged area, estimated
to be in the order of tens of nanometers [22]. Therefore,
the influence of FIB damage on the experimental results is
believed to be negligible.

For each sample, FIB milling was done twice, once at each
of the two ends of the pre-crack (slit), which resulted in two
consecutive fracture events. Lengths of the produced cracks
were measured from the FIB images recorder after both first
and second fracture, which allowed to extract two fracture
energy values per sample.

As noted in section III, quantification of mixed mode rapid
crack propagation requires knowledge on the dynamics of
crack propagation and movement of the buckled structure,
as well a significant modelling effort. Therefore, in this
work, focus was made on pure mode I crack propagation
and determination of mode I fracture toughness. Among the
18 tested structures, only 10 were successful and resulted in
pure mode I fracture. Fig. 7 presents examples of failed and
successful samples. Fig. 7a shows an image of a pre-crack with
a FIB milled notch, which didn’t result in crack initiation due
to the insufficient force provided by the actuators used in this
particular test sample. Another example of a failure is shown in
Fig. 7b. Cracks in this sample deviated from straight trajectory,
which then lead to asymmetric (relative to crack propagation
direction) buckling. As a result, crack propagated in mixed
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Fig. 7. (a)-(d) FIB images of samples taken during the experiment: (a) pre-
crack with a milled notch, which failed to initiate a crack, (b) failed sample
with curved crack and asymmetric buckling, leading to mixed mode fracture,
(c) and (d) successful sample (#2 in Table I) after first and second fracture,
respectively. (e) SEM image taken after the experiment showing entire test
structures. The SEM image is taken at large angle to better illustrate the
presence of buckling. The debris loosely attached to the edges of the test
structure come from the sacrificial SiNx layer, which could not be fully
removed by the directional Ar beam, and can be ignored as they don’t exert
any force on ZrSix.

mode conditions, with contributions from all three loading
modes being present. It should be noted, that such kinking was
always observed, if the initial buckling mode in the un-cracked
structure was anti-symmetric (Fig. 3b) or asymmetric (such
as Fig. 3d) with respect to the expected crack propagation
direction. An example of a successful sample, with both cracks
being straight pure mode I cracks, is presented in Fig. 7c-d.
In this case (and other successful cases), the buckling profile
was symmetric at all times: before the experiment and after
first (Fig. 7c) and second (Fig. 7d) fracture events. Image
presented in Fig. 7e shows the entire test structures supported
by a silicon chip with clearly visible out-of-plane buckling.

One observation made in the experiment, which is important
for fracture energy evaluation, is that the length of the crack
triggered by the first FIB milling (first crack) in some cases
increased upon triggering the second crack by the second
FIB milling step. A possible explanation for this effect is
the interaction between the tip of the first crack and the
stress waves, produced during initiation and propagation of
the second crack. Rapid crack propagation, which occurs in
cases when the static energy release rate Gs exceeds fracture
energy Gc, is known to be accompanied by emission of stress

TABLE I

DIMENSIONS OF THE TEST STRUCTURES AND THE RESULTS OF STRESS
AND FRACTURE ENERGY MEASUREMENTS

waves, which propagate and reflect within the material [23].
Interaction of the stress waves with the crack affects the stress
distribution at the crack tip, and, as a result, can influence crack
propagation behaviour [23], [24]. We suspect, that the increase
of stress intensity at the tip of the first crack caused by the
arrival of stress waves generated by the initiation (and further
propagation) of the second crack is the most likely reason for
elongation of the first crack during the second fracture event.
Along with propagation of the second crack, this additional
elongation of the first crack is responsible for dissipation of
the elastic energy released during second fracture and has to
be considered in the fracture energy evaluation. Calculation
of the fracture energy for the second fracture event was done
using the following expression, which takes elongation of the
first crack into account:

Gc = 1

t

U (ac1, 0) − U
(
a�

c1, ac2
)

ac2 + (a�
c1 − ac1)

(5)

where t is the thickness of the film, ac1 and a�
c1 are the values

of the first crack length measured before and after second
fracture event, ac2 is the length of the second crack, U (ac1, 0)
and U

(
a�

c1, ac2
)

are the values of elastic energy stored in the
thin film structure before and after second fracture obtained
by FEM. For the first fracture event, fracture energy was
calculated using the following expression:

Gc = 1

t

U (0, 0) − U (ac1, 0)

ac1
(6)

where U (0, 0) is the elastic energy before the first fracture.

B. Internal Stress Measurements

Apart from the lengths of produced cracks, evaluation of
fracture energy requires knowledge of the elastic properties of
the thin film, such as Young’s modulus E , Poisson ratio v an
internal stress σ0. Young’s modulus of ZrSix was measured
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Fig. 8. Experimentally measured (a) and simulated (b) out-of-plane displace-
ment distributions (corresponding to sample #2 in Table 1). The “gaps” in the
experimental height profile are an artifact of measurement, caused by the
insufficient resolution of the camera used to record the interference fringes.
Thin film parameters used in the simulation: =180GPa, v = 0.2, t = 90nm.
For the presented sample, value of internal stress σ0 = 472MPa was obtained
by fitting the magnitude of the simulated buckling profile to the experimentally
measured one.

in a separate experiment using bulge text method. Assuming
the value of Poisson ratio v = 0.2 [25], the value of Young’s
modulus was determined to be E = 180GPa. Internal stress
σ0 was determined for individual samples from the magnitude
of buckles, which, as discussed in section III C, is uniquely
defined by the σ0(1−v)

E ratio. To do this, for each of the frac-
tured samples, buckling profile measurement was done using
white light interferometer (WLI), example of which is given
in Figure 8a. After that, series of FEM simulations (example
of one such simulation is given in Fig. 8b) were performed to
fit the results of WLI measurements and determine σ0. After
the first simulation, which was done using guessed value of
σ0, the obtained out-of-plane displacement distribution was
scaled to fit the experimental profile (by minimizing the root
mean square difference between the overlapped simulated and
measured profiles) and obtain a more accurate estimation of σ0
in the real structures. The second FEM simulation was then
performed using the refined value of σ0 and the procedure
was repeated again. Typically, after third or fourth simulation,
further iterations did not lead to any significant (<1%) change
in the fitted internal stress value.

The internal stress values obtained this way for each sample
are given in Table 1 (along with the results of fracture energy
measurements, which are discussed in the next section). From
the measured values, the average internal stress in ZrSix layer
was determined to be σ0 = 471 ± 11G Pa. The results of
stress measurements show relatively small standard deviation
of 2.3%, while maximum and minimum values deviate from
the average by about 4%. We believe, that this variance
was primarily caused by the methodology, rather than the
actual differences of the internal stress in different samples.
While the overall shape of the buckling profile obtained in
simulations always matched the experimentally measured one,
minor differences between the two profiles still could be found
upon closer inspection. For example, it was observed, that the
exact shape and amplitude of formed buckles was sensitive
to the shape and dimensions of the central pre-crack slit,
which was found to be slightly different between the individual
samples (presumably because of uneven contact between the
mask and the membranes during lithography) and was not
matched perfectly in the simulations.

Fig. 9. Fracture energies Gc plotted against the initial static energy release
rate at the start of the crack propagation Gs(0).

C. Results and Discussion

For the 10 successful samples, which showed pure mode I
fracture, fracture energies were calculated. The dimensions of
the test structures and cracks used in the calculations are given
in Table I. Note that Gc calculation for each sample was per-
formed using the average internal stress σ0 = 471 ± 11G Pa,
and not the individual values measured for each sample, since
it is believed that the variance in the measured values is
primarily caused by the used methodology and not the actual
difference in stress between the samples. In 9 samples cracks
were successfully initiated on both ends of the slit, allowing
to extract two fracture energy values, one for each fracture
event, while in one of the samples (#8) only one crack could
be initiated. The extracted values of Gc, given in Table I,
range between 19.9 and 32.3 J/m2 with the total average
of 24.7±3 J/m2 and show no significant variation between
first and second fracture events or between different actuator
designs used. This value of fracture energy corresponds to a
mode I fracture toughness of KI C = 2.1 ± 0.13MPa∗m0.5,
which is, to the best of our knowledge, the first reported
fracture toughness value for ZrSix thin films and Zr-Si com-
pounds in general. The obtained fracture toughness is typical
for a brittle material and is similar to the fracture toughness
measured for some other transition metal silicides, such as
NbSi2 (1.5-2 MPa∗m0.5 for the single crystal [26]) and MoSi2
(1.5-5 MPa∗m0.5 for sintered and thermally sprayed MoSi2
polycrystals [27]–[29]). However, it should be noted, that
direct comparison with the available literature data has limited
value due to the differences in the measurement methods.

It is known that crack velocity can influence fracture
toughness [30]–[33]. Therefore, it is important to discuss
the relation of the Gc values obtained from rapid crack
propagation to fracture energy of slow stable crack propaga-
tion. In brittle materials, the velocity toughening effect (the
increase of fracture energy/fracture toughness with the increase
of crack velocity) has been attributed to enhanced thermal
phonon emission, an increase of fracture surface roughness,
and crack branching [30]–[32]. In turn, the crack velocity itself
is dependent on the elastic energy release rate Gs , which drives
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the crack propagation. Previously, it was shown [33], that in
DCB structures, similar to the structures used in this work,
cracks propagate with a near-constant velocity determined by
the value of the elastic energy release rate at the start of prop-
agation Gs(0). Hence, it is expected, that cracks characterized
by higher values of Gs(0) (initial energy release rate, i.e.
at zero crack length) should also exhibit higher fracture energy
Gc. To see, whether this effect takes place in this experiment,
Gc was plotted against the initial energy release rate Gs(0),
which is also the highest value of Gs during the whole
crack propagation. The data, presented in Fig. 9, suggests that
there exist no significant correlation between the initial energy
release rate Gs(0) and fracture energy Gc. The variation in
the Gc values, instead, can be explained by the experimental
errors and local variations in fracture toughness arising from
the microstructure. However, due to the large spread and
uncertainty in the measured Gc values, as well relatively
small range of covered Gs(0) values, the observed absence
of correlation between Gc and Gs(0) does not confirm that
velocity toughening effect did not take place in the experiment.
Given the scarcity of studies in the area of free-standing thin
film fracture, the influence of crack velocity on fracture energy
needs further investigation. In particular, a direct comparison
between the fracture energy values measured for rapid and
slow fracture regimes would be of most interest. Such studies
would allow to get a better understanding of the energy
dissipation mechanisms and prevent apparent inconsistencies
between the fracture toughness results obtained by different
methods. This, however, will require further development of
fracture toughness measurement techniques for free-standing
thin films, which are still underdeveloped in comparison with
the techniques available for bulk and micron-sized materials.
For example, adding a possibility to apply controlled mechan-
ical load to the crack-on-a-chip test structures, would allow
for direct comparison between rapid and slow fracture regimes,
whereas crack velocity measurements and dynamic mechanical
analysis [34], should make it possible to quantify the velocity
toughening effect.

VI. CONCLUSION

In this work, the crack-on-a-chip test method was used to
study the fracture of free-standing ZrSix thin films. Rapid
crack propagation, initiated by FIB milling in vacuum to avoid
environmental effect on fracture process, followed by crack
arrest was used to obtain the mode I fracture toughness val-
ues. FEM simulations showed that out-of-plane deformations
observed in the thin film structures are caused by the buckling
instability and have a strong effect on the energy release rates,
driving crack propagation. To produce free-standing ZrSix thin
film structures, a generic fabrication process was developed,
which can be universally applied for other thin film materials
without concerns for chemical etch selectivity due to the use of
physical etching for the thin film structure release. We report,
for the first time, a fracture toughness value for ZrSix of
KI C = 2.1 ± 0.13 MPa ∗ m0.5.
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