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ARTICLE INFO ABSTRACT

Miniaturized materials, in general, exhibit higher strength compared to their bulk counterparts. As a con-
sequence, their resistance to fracture is often compromised. However, the effect of material inhomogeneities can
be used to significantly improve the fracture toughness of thin film components. In this work, the material
inhomogeneity effect on the crack driving force, caused by material property and residual stress variations in
thin tungsten and copper stacks, is numerically investigated. To this purpose, a finite element analysis is per-
formed using the concept of configurational forces. In this way, we are able to distinguish between the various
inhomogeneity effects and draw conclusions about the effective crack driving force. It is demonstrated that the
material inhomogeneity effect is not solely determined by the material property variations at the interfaces,
since an important contribution emerges due to a smooth residual stress gradient within the layers. The possi-
bility to separate the different effects represents an opportunity for cost efficient design of future reliable thin
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film microelectronic components.

1. Introduction

Thin metallic films are commonly used for microelectronic appli-
cations. Following the trend of miniaturization, the film thickness is
consistently decreasing along with the overall device dimensions.
Concurrently, the strength of a material increases if either the grain size
[1-4] or the size of single-crystalline volumes [5-11] is reduced. Recent
investigations deal with the interplay of internal and external dimen-
sions [12-15], which opens the possibility of tailoring the material's
strength for specific applications. However, it is very important to note
that an increased strength is in most cases accompanied by a decreased
fracture toughness of the materials [16].

A crack in a material starts to propagate if the crack driving force
equals or exceeds the fracture toughness of the material. The crack
driving force is a loading parameter for the crack and depends on the
load, the crack length and the geometry of the considered body [17]. It
is easy to evaluate the crack driving force in homogeneous components.
For inhomogeneous components, such as thin film stacks for micro-
electronic devices, the material inhomogeneity effect must be taken
into account.

Imagine an externally loaded layered composite with a crack that
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lies in the vicinity of and perpendicular to an interface (IF). Depending
on the properties of the involved materials, the crack driving force at a
given load can either be larger or smaller compared to that of a
homogeneous material. Crack growth is facilitated in the former case
and the crack tip is said to feel an anti-shielding effect due to the ma-
terial inhomogeneity. In the latter case crack propagation is hindered
and the crack tip experiences a shielding effect. Anti-shielding occurs if
the crack is about to propagate from a material with higher Young's
modulus and/or higher yield strength into a material with lower
modulus and/or strength. On the contrary, shielding occurs if the crack
is approaching an IF to a material with higher Young's modulus and/or
higher yield strength [18,19].

Microelectronic components incorporate various small-scale mate-
rials with a diversity of material properties. For example, multi-layer
stacks are fabricated with alternating soft and hard thin films [20,21]. If
the layers are appropriately arranged, the shielding effect can be uti-
lized to arrest cracks in the soft interlayers and prevent their further
propagation through the structure [22,23]. Such a strategy is in some
cases inspired by natural structures [24-27]. For instance, deep sea
sponges have a multi-layered structure consisting of a stiff and strong
bio-glass matrix which incorporates thin and soft protein interlayers
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serving as crack stoppers. In such materials the crack driving force is
significantly decreased and the load necessary for further crack growth
becomes very high as soon as the crack tip arrives in the soft layer. This
means that the fracture toughness increases compared to a homo-
geneous material, without suffering a noticeable loss in stiffness or
strength. The use of material property variations to improve the frac-
ture properties of functional materials has been the topic of several
investigations, see e.g. [26,28-34].

The same concept of shielding or anti-shielding can be applied for
the effect of residual stresses in a body [35]. For instance, compressive
residual stresses can be used to counter tensile stresses originating from
external loading and have to be overcome before crack propagation is
possible. Thin film components for microelectronic applications are
most commonly subjected to residual stresses that emerge due to var-
iations in the coefficient of thermal expansion or an atomic lattice
spacing mismatch between the materials [36]. Several techniques that
determine the residual stress state in thin films have been recently
proposed: X-ray diffraction analysis [37-39], focused ion beam milling
in combination with digital image correlation [40-43] and the Ion
beam Layer Removal (ILR) method [44]. Experimental and computa-
tional results have shown that residual stresses can strongly influence
the fracture behavior of materials [45-50]. Therefore, it is important to
understand the influence of residual stresses on the crack driving force
in multi-layered structures.

In this work, we investigate the influence of material in-
homogeneities on the crack driving force in thin film stacks with an
alternating arrangement of copper (Cu) and tungsten (W) layers de-
posited on a silicon (Si) wafer. It will be shown that the precise
knowledge of the local material behavior as well as the magnitude and
the distribution of residual stresses in a stack are important to appro-
priately calculate the crack driving force.

2. Evaluation of the crack driving force
2.1. Configurational forces and the J-integral

The configurational force concept is based on the ideas of Eshelby
[51] and was expanded by Gurtin [52] and Maugin [53]. Configura-
tional forces (CFs) describe the behavior of defects in materials without
making any assumptions about the constitutive behavior of the mate-
rials. From a thermodynamics point of view, a CF tries to push a defect
into a configuration where the total potential energy of the system has
its minimum. In general, a CF vector f can be determined at each point
in a body as

f = —V+(¢I — FTS) @

which is the divergence of the expression in parentheses, the so-called
configurational stress tensor. In Eq. (1), ¢ is the strain energy density
and I denotes the unity tensor. F' and S represent the transposed de-
formation gradient and 1st Piola-Kirchhoff stress tensor, respectively.
The CF vector becomes non-zero only at positions of a defect in the
body [18,54].

If we consider a two-dimensional homogeneous elastic body with a
sharp crack, a CF vector fi;, emerges at the crack tip. The projection of
fiip in the crack extension direction gives the crack driving force

]lip = _e'ftip

(2

where e is the unit vector in crack propagation direction. If the body is
externally loaded the crack driving force is equal to Ji, = Jgr, Where
Jrar is the far-field J-integral, which can be understood as the driving
force induced by the external load in the body.

For simple cases, such as monotonic loading conditions and/or
homogeneous materials, the J-integral calculated with the CF concept is
equivalent to the conventional J-integral proposed by Rice in 1968
[55]. The conventional J-integral has been used as a loading parameter
for cracks in the regime of elastic-plastic fracture mechanics. However,
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Material property
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Fig. 1. Schematic distribution of configurational forces (CFs) in a two-layer
component. The variation of material property, e.g. Young's modulus E, is
shown on the left. CFs fy are induced at the interface T due to the jump of E. CFs
foraa are generated in layer % caused by the smooth E-variation. No CFs are
present inside layer %3, since E = const. A single CF f;;, emerges from the crack
tip.

it has its limitations when applied for cases where non-proportional
loading conditions prevail and, especially, for inhomogeneous mate-
rials, as pointed out in [18,54,56]. For the latter case where the J-in-
tegral becomes path dependent, the CF concept is very suitable for the
determination of the crack driving force. This is described in the fol-
lowing section.

2.2. Evaluation of the material inhomogeneity effects

In a specimen where two material layers, .4} and .%;, are separated
by a sharp IF X, as sketched in Fig. 1 the material properties, e.g. the
Young's modulus E, exhibit a jump at the IF, as depicted on the left side
of Fig. 1. Due to this jump CFs are generated at the IF, given by the
relation [19].

fr = —([¢] I - [FTI(S))n 3

In Eq. (3), [q] = (@© — q~) denotes a jump of a quantity at the IF
and n is the unit normal vector to the IF. <g> = (¢* + q~)/2 represents
the average of g across the interface.

Additionally, a smooth material property variation can be present
inside of a layer, e.g. in layer .%4]. This gradient results in the formation
of bulk CFs, given by [19].

fgrad =-%¢ (F,x) ()]

The strain energy density ¢ in Eq. (4) depends on the reference
coordinate x = x(x,y,2) and V, denotes the explicit gradient in the re-
ference frame. For the example of a gradient in Young's modulus E in y-

direction as shown in Fig. 1, fz.q has only a y-component given by
_ OpoE
fgrad,y T GEdy”
The CF vector emerging at the crack tip f;, and, therefore, the

magnitude of the crack driving force, see Eq. (2), are strongly affected
by the CFs induced at the IF and in the bulk. This effect is quantified by
two terms [19]:

An interface inhomogeneity term C', corresponding to the sum of all
CFs f5, that are generated at the sharp IF =

F .
CF = —e j; frdl 5)

A gradient term CS*P, corresponding to the sum of all CFs fyr,q in-
side of a material layer .

GRAD _ .
C =—e L foraadA ©)

The sum of all inhomogeneity effects in the body,

Cinh = C'F 4 CGRAD 7
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represents the so-called material inhomogeneity term. In order to satisfy
the equilibrium of CFs [52,53], the crack driving force in in-
homogeneous materials is given by the following relation, see e.g.
[18,19]:

]tip = Jiar + Cinn 8

where Jg,, is calculated around the far-field contour I'¢,,, as shown in
Fig. 1. The material inhomogeneity term C;,, can be understood as the
crack driving force term that is induced at a given loading Jg,, in the
specimen due to the material inhomogeneity. An anti-shielding effect is
described by a positive and shielding by a negative value of Cj,p.

A material inhomogeneity effect is also induced, if the material
properties are constant, but thermal strains or eigenstrains (or the re-
sulting eigenstresses) exhibit jumps or smooth variations [19,35]. Egs.
(3)-(8) can be applied for the evaluation of the CFs due to a jump of the
eigenstrain at an IF or smooth eigenstrain gradients and the resulting
effects on the crack driving force.

If a component consists of i layers with smooth material or eigen-
strain gradients, the gradient term is given by the summation
CORAD = 3.CSRAP  Likewise, if there are j interfaces present in the
component where the material properties or eigenstrains have a jump,
the interface inhomogeneity term is given by C* = %,C;".

If both, the material properties and eigenstrains inside of the layers
are constant, as in layer .%; in Fig. 1, C°*P is zero. This was the case in
a previous study of a macroscopic ceramic multilayer composite where
only the interface inhomogeneity term C' had to be considered [57]. In
our current investigation, the gradient inhomogeneity term CS**P must
be taken into account, since the variation of residual stresses inside the
layers leads to an explicit gradient of the strain energy density.

3. Thin film stack characterization
3.1. Material characteristics

The thin films in the current investigation were prepared by phy-
sical vapor deposition. Depending on the film sequence, W and Cu films
were stacked on top of each other in subsequent steps to form W-Cu-W
and Cu-W-Cu stacks on Si wafers without disrupting the vacuum in the
deposition chamber. Each layer has an approximate thickness of 500
nm. W and Cu have a nanocrystalline structure with a globular grain
size varying between 60 and 70 nm, determined by a line intercept
method from scanning electron microscopy (SEM) images [58].

The difference of the elastic-plastic properties between the W and
Cu films mainly determines the material inhomogeneity effect at the
IFs. While W is a very stiff and strong material, Cu is ductile and has a
higher fracture toughness. The Si substrate in our investigations is as-
sumed to behave linear elastically. The elastic properties of Si, W and
Cu are taken from literature, as summarized in [58,59]. To determine
the flow behavior of the thin W and Cu films, a new approach was
proposed in our previous investigation [13]. In brief, the yield stress o,
and the hardening parameter n are optimized to fit the force-displace-
ment response from simulations to an experimental spherical na-
noindentation curve. The elastic and plastic material data of Si, W and
Cu in the thin film stack are given in Table 1.

In addition to the material property variations between the different

Table 1

Material properties for the Si-, W- and Cu-layers in the thin film stack: Young's
modulus E, Poisson's ratio v, yield strength oy, and hardening parameter n. The
latter two values were determined for W and Cu in [13]. Si behaves linear
elastically in every model.

Material E [GPa] v o, [GPa] n

Si 170 0.28 - -
w 411 0.28 1.91 13.3
Cu 130 0.34 0.65 2.8
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Fig. 2. Residual stress distribution for a) the W-Cu-W stack, b) the Cu-W-Cu
stack.

layers, a spatial variation of residual stresses exists in the stacks. These
residual stresses vary not only at the IFs between the layers, but also
inside the W and Cu films. In a previous analysis [58], we have de-
termined the residual stress variation in the W-Cu-W and Cu-W-Cu
stacks with the Ion beam Layer Removal (ILR) method [44]. Details
about these experiments and the analysis can be found in [58]. The
residual stress variations for the W-Cu-W and the Cu-W-Cu material
systems in relation to the cutting depth are shown in Fig. 2. The residual
stresses have an average value of about 0.25 GPa in the Cu-layers of
both stack configurations. The W-layers exhibit compressive residual
stresses and especially the W-layer on top of the Si substrate in the W-
Cu-W stack has a strong gradient and a peak residual stress of about
—1.25 GPa.

3.2. Fracture simulations

Finite element (FE) simulations are conducted to determine the
material inhomogeneity effect and the crack driving force J;, in the W-
Cu-W and Cu-W-Cu stacks. The simulations are performed with the
commercial FE software package ABAQUS (Simulia, Dassault Systems).
The models are based on the geometries of micro-beams which were
prepared for the fracture experiments in a previous study [60], as
shown in the SEM image in Fig. 3a. The exact geometries for the W-Cu-
W and Cu-W-Cu specimens are given in Table 2.
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Fig. 3. a) SEM micrograph of the W-Cu-W micro-
cantilever beam with indicated geometry, the dis-
tance ¢ between the crack and beam fixation, the
spacing | between the loading point L and the crack,
the total beam height h, and width w. The thickness
of each layer is measured from SEM micrographs at
higher magnification. b) 2D FE model of the micro-
cantilever beam in its initial state. In this constella-
tion the beam front and crack flanks are restricted
from movement before the residual stresses are
equilibrated. The elastic junction, equilibration steps
El and E2 as well as the loading position L are in-
dicated in the schematic.

Table 2

Micro cantilever beam dimensions determined from experiments.
Stack ¢ [um] 1 [um] h [pum] w [um]
W-Cu-W-Si 6.79 20.50 4.50 3.76
Cu-W-Cu-Si 3.80 21.90 4.50 4.10

A linear elastic (LE) model and an elastic-plastic model with re-
sidual stresses (EP-RS) are used for the calculations. The LE model only
considers the linear elastic material properties from Table 1 and does
not account for the residual stresses of Fig. 2. The EP-RS model in-
corporates the flow behavior from Table 1 and the residual stress var-
iations. The 2D plane strain model is shown in Fig. 3b. In order to
determine the variation of the crack driving force for a crack propa-
gating through the material stack, models are generated for crack
lengths between 0.1 and 1.475 pm.

Each model is meshed with four-node bilinear plane strain elements
(CPE4). An area around the crack tip, covering the thickness of the layer
in y-direction and double the thickness in x-direction, is meshed with
square-shaped elements with a constant size of 0.005 pm. By using this
element size we are able to accurately model cracks which are a dis-
tance of 0.025 pm apart from the closest IF. A free mesh has been put on
the remaining area with the constraint that the largest elements do not
exceed a size of 0.3 pm. In order to properly calculate the material
inhomogeneity term at the material boundaries, also the mesh around
the sharp IFs is resolved with the smallest elements.

The modeling steps for the EP-RS model are the following:

. Insertion of residual stresses.

. Insertion of a crack.

. First equilibration of residual stresses, denoted by E1 in Fig. 3b.

. Release of beam front and equilibration of residual stresses, denoted
by E2 in Fig. 3b.

5. Mechanical loading.

A WN

To perform the simulation for the simpler LE model only steps 2 and
5 need to be considered from the above list.

In the EP-RS model the residual stresses from Fig. 2 are imposed on
the element integration points via the user subroutine SIGINI during
step 1. The crack lies perpendicular to the IFs and (0, — 1) is designated
to be the crack propagation direction. In order to introduce a crack, a
so-called “seam” is defined in the model, i.e. a line along which the

17

nodes are duplicated. Initially, the flank nodes are fixed in all direc-
tions, as shown in the insert of Fig. 3b. After that the residual stresses
are equilibrated in step 3 by releasing the crack flank nodes, denoted by
equilibration step E1 in Fig. 3b. Subsequently, the front of the beam is
released in step 4, redistributing the residual stresses once again. This
procedure is able to reproduce the residual stress redistribution due to
the insertion of a thin notch into the sample and the subsequent release
of the right end of the beam (E2) by focused ion beam milling [60].

While the micro-beam is loaded, the left side of the beam remains
constrained in all directions. By choosing this kind of boundary con-
dition, the simulated force-displacement behavior shows a good
agreement with the mechanical response of the micro-beam in the ex-
periment, as presented in [60]. The micro-beam is monotonically
loaded by displacing it by v = 1.5 um at the loading point L, as shown
in Fig. 3b.

The CFs determining the crack driving force Ji, in the system are
calculated with a post-processing routine following the conventional FE
analysis. Details about the numerical calculation of CFs can be found in
[61,62]. Our post-processing tool collects the displacement, stress and
strain energy density fields from the FE simulations and calculates the
CF for each node in the model. The crack driving force Jy, is de-
termined with Eq. (8) by summing up the contributions calculated with
Egs. (5) and (6) as well as the far-field J-integral Jg,,.

Note that the residual stresses in the film stacks are not a con-
sequence of a mismatch of the thermal expansion coefficient, as the thin
films were deposited at room temperature. This is why the residual
stress state is introduced in the model as an initial condition via SIGINI.
The implementation routine was verified by calculating the far-field J-
integral J¢,, with the CF post-processing tool as well as the virtual crack
extension (VCE) method provided by ABAQUS. It was confirmed that
both approaches yield the same result for Jg,,.

4. Results and discussion
4.1. Material inhomogeneity effects

The material inhomogeneity term Cj,y, the interface inhomogeneity
term C'F and gradient term C%®P are calculated for stationary cracks
with increasing crack length by utilizing Egs. (5)-(7). The different
material inhomogeneity terms for the W-Cu-W and Cu-W-Cu stacks
versus the crack length are plotted in Figs. 4 and 5, respectively.
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Fig. 4. The material inhomogeneity effect in the W-Cu-W specimen for a load
point displacement of v = 1.5 um. a) Material inhomogeneity term Cj,p, for the
LE model (without residual stresses). b) Interface inhomogeneity term c',
gradient term C°*P and the material inhomogeneity term Ciy, for the EP-RS
model (with the residual stress distribution from Fig. 2a). ¢) Comparison be-
tween the material inhomogeneity terms Ci,, from the LE and the EP-RS
models.
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term C*P and the material inhomogeneity term Ci, for the EP-RS model
(with the residual stress distribution from Fig. 2b).

4.1.1. W-Cu-W stack

Fig. 4a shows the material inhomogeneity term Cj,, for the LE
model of the W-Cu-W stack. As mentioned before the residual stresses
are neglected in this model. Thus, the total material inhomogeneity
term Cip, coincides with the interface inhomogeneity term C'. W has a
larger Young's modulus E than Cu and Si. Therefore, a crack ap-
proaching the W/Cu- or W/Si-IF experiences an increasing anti-
shielding effect. However, as the crack extends through the Cu film, the
Cu/W-IF is starting to shield the crack tip. Shielding starts after the
crack reaches approximately a length of 0.7 um and C becomes ne-
gative. The maximum and minimum values of C™¥, which lie exactly at
the IFs, are numerically not accessible in the FE modeling.

In Fig. 4b the inhomogeneity terms are plotted for the EP-RS model,
which takes into account the residual stress distribution from Fig. 2a.
The gradient term C°*AP (green line with triangles), the interface in-
homogeneity term CY (black line with circles), and the material in-
homogeneity term Cj,, (red line with squares), are plotted as a function
of the crack length. Maximum anti-shielding occurs at IF;, whereas IF,
provides the highest shielding effect. At the third IF, the shielding effect
from the residual stress gradient and the anti-shielding effect caused by
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the jump of material properties at IF; nearly compensate. The gradient
term is small in the first W-layer and negligible in the Cu-interlayer.

The influence of the residual stress distribution, and especially the
gradient term CCRAD becomes evident by comparing the Cj,, curves in
Fig. 4a and b, see Fig. 4c. The largest difference appears at IF3. As the
crack tip is noticeably shielded by the negative compressive residual
stress gradient in the bottom W-layer in the EP-RS model, most of the
anti-shielding present in the LE model is annihilated or even reverted
into a slight shielding effect. This will have implications when calcu-
lating the crack driving force, see Section 4.2.

4.1.2. Cu-W-Cu stack

Fig. 5a shows the material inhomogeneity term Ci,, for the LE
model of the Cu-W-Cu stack. The Cu/W- and Cu/Si-IFs provide small
shielding effects, whereas the W/Cu-IF shows a large anti-shielding
effect to the crack tip.

The material inhomogeneity terms for the EP-RS model are given in
Fig. 5b. The gradient term CS®*P is vanishingly small as the residual
stress gradients are low and has hardly any influence on the material
inhomogeneity term. Cj,, is almost identical to the interface in-
homogeneity term C'. Only small differences occur between the Ci
curves of the LE model and the EP-RS model.

4.2. Crack driving force and fracture toughness determination

The crack driving force Jyp;, is plotted against the crack length for the
W-Cu-W and the Cu-W-Cu models in Fig. 6a and b, respectively. In both
figures, the LE model and the EP-RS model are compared. The thin
vertical line denotes the fracture toughness of the W-layer measured in
terms of the critical J-integral Jc. Note that a crack can propagate if the
crack driving force equals or exceeds this critical value, i.e. if Ji;, = Jc.

For homogeneous materials under bending the fracture toughness,
measured in terms of the critical stress intensity factor K, can easily be
determined experimentally from the fracture stress o, the initial crack
length and the geometry of the specimen, see e.g. [60,63]. K¢ is a valid
parameter, if the conditions of linear fracture mechanics (LEFM) are
fulfilled [64]. In thin film stacks containing soft metals, such as Cu,
LEFM will not often be applicable. Elastic — plastic fracture mechanics
should be applied instead, where the critical J-integral Jc characterizes
the fracture toughness. For LEFM and plane strain conditions the
parameters Jc and K are connected by the relation [64],

Jo =K1 —v?})/E (©)]

where E is the Young's modulus and v the Poisson's ratio.

In order to determine the intrinsic fracture toughness J for mate-
rials in thin film systems, experiments and numerical modeling must be
combined. In the experiment the critical load F¢ (or critical displace-
ment v¢) is determined where crack propagation starts. The crack
driving force at this critical load,

Jip (Fc) = Je (10)

is determined by the FE modeling with CF-post processing.

As an example, we have simulated the force—displacement re-
sponse of a notched W-Cu-W specimen with the geometries from
Table 2 by using the EP-RS model, as introduced in Section 3.2. For an
initial crack length ag = 0.44 pm, crack growth in the top W-layer
started in an unstable manner at a critical displacement of v¢ = 1.3 pm,
which corresponds to a critical load Fc = 0.65 mN. From the performed
simulation we have evaluated the values of Jg,, Cinn and Jy;, for these
critical conditions. The resulting critical J-integral value is Jc = 21.2 J/
m?; this corresponds with Eq. (9) to K¢ = 3.07 MPaym. In a previous
study [60], the critical J-integral was determined without taking into
account the gradient of the residual stresses CS**P, The result was
Jc = 25.2 J/m? (K¢ = 3.35 MPaym), i.e. the previous estimate of J¢
was 19% too high. It should be mentioned that a complete negligence of
the material inhomogeneity effect, i.e. the assumption of a
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Fig. 6. a) Variation of the crack driving force Jy, in the W-Cu-W stack for a load
point displacement v = 1.5 pm. The critical crack tip positions for the LE and
EP-RS model in the W-layers are highlighted by green arrows. b) Variation of
the crack driving force Jy;, in the W-Cu-W stack for a load point displacement
v = 1.5 um. The critical crack tip positions for the LE and EP-RS model in the
W-layers are highlighted by green arrows. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

homogeneous cantilever material, would result a value of Jc = 2.8 J/
m? (K¢ = 1.12 MPaym) [60].

The difference of 19% between the previous and current numerical
results strongly suggests that the gradient term CS*P, resulting from
the residual stress gradients, has to be considered when calculating the
crack driving force. Otherwise, fallacious predictions about the critical
loading conditions of components with similar structures cannot be
excluded. Such critical loading conditions are discussed below.

4.3. Critical loading conditions of the thin film stack

We can assume that all W-layers in our stacks have the same in-
trinsic fracture toughness, Jc = 21.2 J/m?, independent of the crack tip
position, see the vertical lines in Fig. 6a and b. From Fig. 6a we can see
that a crack in the top W-layer of the W-Cu-W stack starts to propagate
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at a load point displacement, v = 1.5 pm, if the crack length exceeds
a. = 0.40 ym for the EP-RS model (a. = 0.37 um for the LE model), as
marked by the green arrows.

Since Jy, increases with increasing crack length, the crack propa-
gates unstably to the W/Cu-IF. The fracture toughness for the nano-
crystalline Cu-film is not known, but it can be assumed that J is con-
siderably higher than for the W-film, since Cu has a lower yield strength
and behaves more ductile than W. Even if this were not so, the crack
would stop inside the Cu-layer due to the strong shielding effect from
the Cu/W-IF, see Fig. 4. Thus, the soft Cu-interlayer in the W-Cu-W
stack offers an arresting environment for a crack propagating from the
surface of the cantilever beam. After the top W-layer fails and the crack
enters the Cu-interlayer the crack driving force decreases with crack
length due to the repelling effect of the Cu/W-IF, as shown in Fig. 6a. In
order to achieve further crack propagation, the external load on the
micro-beam has to be strongly increased. The arresting ability of soft
interlayers has also been demonstrated in other investigations, see e.g.
[23,65].

For a crack in the second W-layer that has penetrated the Cu-layer,
the critical crack length is 1.10 pm for the EP-RS model (a. = 1.04 pm
for the LE model). In this layer, the Jy,-curves of the two models
strongly differ. The comparison of the C;,, curves in Fig. 4c reveals that
here the gradient term due to the high compressive residual stress
gradient plays an important role. Due to the increase of Jy, the crack
grows in an unstable manner towards the W/Si-interface, IF;. The re-
maining structure consists of only the Si wafer. As reported in [66], the
fracture toughness of single-crystalline Si ranges between K¢ = 0.7 and
2.1 MPaym, corresponding to Jc = 1.1 and 9.9 J/m> A comparison of
the upper limit of the fracture toughness with the crack driving force for
a crack tip in Si at IF3, Jii, = 35 J/m?, shows that catastrophic fracture
of the remaining Si-layer will occur.

The crack driving force Jy;, in the Cu-W-Cu stack, see Fig. 6b, is
given by the sum of the far-field J-integral J¢,, and the interface in-
homogeneity term C¥, as C%*P is almost zero. A comparison of the
curves for the crack tip located in the first Cu-layer shows that the J,
values for the EP-RS model are almost twice as high as for the LE model.
The difference will further increase with higher loading. This shows
that the consideration of the elastic-plastic behavior and the physically
correct application of nonlinear fracture mechanics can be decisive for
the correct prediction of multi-layer stacks with ductile film materials.

A crack which has penetrated the first Cu layer reaches its critical
length at a. = 0.62 pm for the EP-RS model (a. = 0.65 pm for the LE
model). Since the crack driving force strongly increases with increasing
crack length, the crack will grow immediately through the whole W-
layer. Although the crack driving force decreases after the crack has
entered the Cu-layer, it remains relatively high at a value of J;;, = 53 J/
m?. Since we do not know the Ji value for the thin Cu film, we cannot
predict whether the conditions in the second Cu-layer are critical or not.
In the experiments, fracture in the Cu-layers was not observed, in-
dicating that the J¢ value for Cu should be a lot higher than the one for
W.

4.4. Validity check of fracture mechanics parameters

The applicability of linear elastic or elastic-plastic fracture me-
chanics in thin film stacks with such small thickness dimensions might
be questioned by some readers. In order to check the validity of the
fracture mechanics parameters, we have considered two possible crack
tip positions in the W-Cu-W thin film stack and plotted the stresses
normal to the crack plane oy, against the distance from the crack tip r in
a log-log scale, as shown in Fig. 7a and b. A similar check has been
presented, e.g. in [64].

The stress and strain field in front of the crack tip can be char-
acterized by the stress intensity factor K if the conditions of LEFM
prevail and the stresses are proportional to 1//7 [64]. In a similar
manner the J-integral characterizes the crack tip field in the regime of
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Fig. 7. Log-log plots for two different crack tip positions in the W-Cu-W stack to
check the validity of fracture mechanics parameters K and J. a) Crack tip lo-
cated in the top W-layer, crack length a = 0.3 pm. b) Crack tip located in the
Cu-interlayer, crack length a = 0.7 pm.

elastic-plastic fracture mechanics, if the stresses vary as r~ /@ +™

by the so-called HRR-solution [64].

Fig. 7a shows the behavior around a crack tip positioned in the top
W-layer, for a crack length a = 0.3 um and a point load displacement of
v = 1.5 um. It is seen that the stresses very close to the crack tip follow
the HRR-solution. In the log-log plot, this behavior is given by a linear
curve with the slope k = —1in = —0.07, for n =13.3 for W from
Table 1. Additionally, a K-dominated zone might exist between r = 100
and 180 nm exhibiting a slope of k = —l; however, this is somewhat
uncertain. In this case both K and J would characterize the crack tip
conditions at this load. It should be noted that the magnitudes of the K-
and J-dominated regions decrease with increasing load [64].

In the case of a crack in the Cu-layer with crack length a = 0.7 um
and a point load displacement of v = 1.5 um, a K-dominated zone does
not exist in front of the crack tip, see Fig. 7b. However, a J-dominated
zone is visible near the crack tip with a slope of k = — 0.26 forn = 2.8
from Table 1.

Concluding this section, we can state that J is a valid fracture

, given
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mechanics parameter in such thin film stacks and that the determined
critical J-integral value of J¢ = 21.2 J/m? for the W-films is physically
appropriate. This is so as long as the assumption of a homogeneous
material behavior within each layer is appropriate. A final remark shall
be made: J-dominance does not necessarily imply agreement with the
HRR crack tip field solution. This means, J can be a useful fracture
mechanics parameter even in cases where the log-log plot of Fig. 7a
would show no region with a slope = —HL”, see [64] for details.

5. Summary

The crack arresting capabilities of two thin film systems have been
investigated exemplarily for a W-Cu-W and a Cu-W-Cu stack config-
uration.

It was demonstrated that the intrinsic fracture toughness of single
material layers in complex thin film stacks can be determined in terms
of the critical J-integral Jc by combining experimental results and finite
element modeling utilizing the concept of configurational forces. It was
shown that also the residual stress gradients must be considered to
accurately determine Jc.

The application of the concept of configurational forces is a con-
venient tool for calculating the crack driving force in structures with
complex design and material property and residual stress variations.
The concept is not limited by the dimensions of the investigated com-
ponents. It can be very useful for the design of tough and damage tol-
erant thin film stacks.

Smart design of thin films in form of alternate layers with different
material properties can significantly increase the fracture toughness of
a component. We have shown that in a W-Cu-W film stack the crack
arrests in the soft Cu-interlayer so that the load necessary for further
crack propagation has to be significantly increased.

In a similar way, spatial variations of residual stresses can be uti-
lized. High compressive residual stresses and residual stress gradients
can dramatically increase the critical defect size which the structure is
able to contain at a given load.
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