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Abstract

Finite element simulations of the elastic and elastic–plastic deformation of copper thin films are performed in the presence or not of
substrate. The investigated textures are {111} and {00 1}. In the anisotropic elastic case, {001} films are associated with more strain
heterogeneities than {111} films. Strong plastic strain heterogeneities are found in {001} films. The presence of a substrate increases
significantly the heterogeneity of stress–strain fields.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metal thin films are widely used in microelectronics
systems [1]. Thin films are subjected to different types of
loading in devices. Outstanding mechanical properties con-
tribute to higher lifetimes in microelectronics systems. The
behavior of films very often deviates from the behavior of
bulk materials [1–5]. The properties of the films are related
to the microstructure, texture, grain size, thickness and
other parameters of the films. Some properties like tough-
ness depend on the thickness and this is associated with size
effects [2]. The origin and influence of these size effects is
studied by different approaches. One of them is the finite
element method within the framework of crystal plasticity
[9–11].

Elastic and elasto-plastic computations of the tensile
deformation of copper thin films are presented in this
paper. The morphology of the film and its representation
with FE mesh are described in the first part, then the suited
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mesh density and representative volume element size are
determined. The results of elastic and elasto-plastic compu-
tation are shown focusing on stress and strain heterogene-
ities in the films.

2. Morphology of the grains and computational tools

2.1. Morphology, FE mesh, crystallographic texture

The computations are made with films which are repre-
sented by polycrystalline aggregates. There are two most
common orientations of the grain in copper films {00 1}
and {111} [2,6]. Usually there is only one grain through
the thickness of the film and the diameter of the grain in
the plane of the film is about the value of film thickness [1].

The texture is ideal: the axis {001} or {11 1} are exactly
perpendicular to the plane of the film. The remaining
in-plane orientation of the grain is random. Two extreme
cases are assumed: free-standing film and film on a rigid
substrate. Boundary conditions are described on the
Fig. 1. The displacement component U2 is prescribed on
the lateral surfaces X2 = 0 and X2 = L (L – length of the
film). The existence of the substrate is modeled by the
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Fig. 1. (a) Extension of 2D microstructure into 3D, (b) boundary conditions for the computations.
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conditions U3 = 0 or U3 = U1 = 0. Code Zebulon is used
for creating the polycrystalline aggregates and for all com-
putations (www.nwnumerics.com). The mesh was created in
two steps. First the 2D mesh was created. The grains are
represented by a Voronoi mosaic, which is widely used
for such simulations [11]. This 2D mesh was then simply
extended in the third direction (Fig. 1). This simple exten-
sion means that all grain boundaries are exactly perpendic-
ular to the plane of the films, which is not far from the the
reality [7].

Two main issues had to be checked before starting the
computations. First, the mesh density must be sufficient
which requires a sufficient number of elements in one grain.
The second important point is the number of grains in the
films. It means the size of a representative volume element
which will represent with sufficient accuracy the macro-
scopic behavior of the film. We present here the determina-
tion of mesh density and RVE size for elastic behaviour of
copper film. Elastic parameters of copper are C11 =
159,300 MPa, C12 = 122,000 MPa, C44 = 81,000 MPa [12].
The coefficient of anisotropy is a = 2C44/(C11 � C12) =
4.34.

2.2. Mesh density

This problem was solved by creating one aggregate
which was meshed with four meshes with different densi-
ties: coarse – 1290 degrees of freedom per grain (dof/g),
medium – 2169 dof/g, fine – 3729 dof/g and ultrafine –
6924 dof/g. A tensile test was simulated. Boundary condi-
tions are described in Fig. 1. The global and local conver-
gences were checked.
Fig. 2. Global (a) and local (b) conver
Global convergence: The resulting apparent Young’s
modulus was computed for each mesh. The global average
stress in the aggregate and the Young’s modulus was
computed according to

R22 ¼ hr22i ¼
1

V

Z
r22dV ; E22 ¼ he22i; Eapp ¼

R22

E22

;

ð1Þ
where E22 is the applied average tensile strain component.

Local convergence: In this case the values of equivalent
von Mises stress along a side line of the aggregate were
compared. Fig. 2 shows the results of global and local
convergence. The differences between the values of different
meshes are relatively small. Therefore the criterion for
choosing the mesh density was the computational time
and finely the medium mesh was chosen. It means that
there are about 240 elements per grain.

2.3. Representative volume element

The apparent properties will coincide with the wanted
effective properties only if the number of considered grains
is sufficiently high [8]. For that purpose two groups of
aggregates were made. The first one contained 10 different
realizations of aggregates with 19–20 grains. In the second
group, 20 realizations of aggregates with 47–49 grains were
considered. Different realization means different shape of
grains and different orientation in the plane of the film.
The determination of the RVE size is illustrated in the case
of elastic behavior. The simulations of the tensile response
of free-standing films were made for each aggregate for
both crystallographic textures. As in the previous case,
gence for different mesh densities.
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the apparent Young’s modulus was computed for each
aggregate and then the mean value and dispersion for each
group were estimated. We have tried to fit the following
condition, which comes from the theory of sampling [8]:

DðEÞffiffiffi
n
p

E
6 1%; ð2Þ

where D(E) is the dispersion, E is the mean value and n is
the number of realizations. This condition is fulfilled for
the aggregates with 47–49 grains. For simulations with 50
grains it is necessary to consider 20 different realizations
for obtaining this precision.

3. Anisotropic elastic behaviour of thin films

The elastic anisotropy of copper is responsible for the
development of stress/strain heterogeneities in films. The
computations were made for aggregates with about 50
grains. Both type of textures {001}, {111} and both cases
of substrate were assumed. The textures {111} is stiffer
than {001}, so the resulting stresses for a given mean strain
E22 are higher.

3.1. Texture {001}

The results for the texture {00 1} show that the highest
stress concentrations occur at the grain boundaries. The
stresses are almost constant through the thickness of the
film. The constraint induced by the substrate does not have
a strong influence on the distribution of the stress field in
Fig. 3. Comparison of the stress and strain dispersions in aggregates (a) textu
{111} without substrate, (d) texture {111} with substrate.
Fig. 6, because the planes {001} are symmetry planes
and therefore the film remains almost perfectly flat during
the deformation. But the Fig. 3a and b show that the dis-
persion of the stress and strain is higher in the presence
of a substrate.

3.2. Texture {111}

In cubic metals, some properties in {111} planes like
Young’s modulus are isotropic. However a simple analyti-
cal calculation shows that it does not mean that deforma-
tion of {111}-films is homogeneous. Let us consider a
single crystal loaded in tension along the direction 1 con-
tained in a {111} plane, the direction 3 coinciding with a
h111i direction. Mutual position of the crystal and direc-
tion of tension is described by the angle /. The resulting
strains are
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re {001} without substrate, (b) texture {001} with substrate, (c) texture



Fig. 4. Two grains with different orientation / are in tension differently
deformed and it causes stress concentration at the grain boundary in
{111}-films.
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where the Sij are the cubic elastic compliances. These equa-
tions show that the diagonal part of the strain tensor is
independent of angle /. But out of plane shear components
depend on this angle /, because {11 1} planes are not sym-
metry planes for cubic crystals. Different shear strains in
differently oriented grains lead to incompatibilities close
to grain boundaries and the concentration of stresses and
strains can be observed on these boundaries (Fig. 4). The
Fig. 6c and d shows the typical results for the {11 1} tex-
ture. There is a larger difference between the case with
and without substrate. The film does not remain flat during
the deformation and this trend for curving causes addi-
tional stress concentration.

The fluctuation of stress and strain were computed and
compared in the different situations. The global average val-
ues of the equivalent von Mises stress and equivalent strain
were computed for each grain. The Fig. 3 shows the disper-
sion of the the equivalent von Mises stress and equivalent
strain in aggregates, where each point represents the aver-
age value in one grain, normalized by the global mean value
Fig. 5. Dispersion of normalized req as a function of normalized distance fro
{001} with substrate, (c) texture {111} without substrate, (d) texture {111}
for the corresponding aggregate. The dispersion is much
larger in the case of the texture {001}. It is due to the
quasi-isotropy in the plane {111}. The substrate induces
a higher dispersion of the stress than in free-standing films.
The results of both boundary conditions for the rigid
substrate are very similar, only the results which correspond
with boundary conditions (a) (see Fig. 1(b)) are shown.

The comparison of the dispersion of the stress inside the
grains in one aggregate is shown in Fig. 5. It shows the
local equivalent von Mises stress in each gauss point req

as a function of the distance from the center of the grain.
This distance is normalized by the average grain size dav

The shape of the cluster of points shows that the dispersion
is higher close to grain boundaries for the {111} texture.

4. Plastic computation

For the elasto-plastic computations, the framework of
crystal plasticity is used [9–11]. The constitutive equations
are:

F ¼ F e:F p; _F p:F p�1 ¼
Xn

s¼1

_csP s; P s ¼ ms � ns; ð9Þ

ss ¼ P s : rs; _cs ¼ j ss j �rs

k

� �n

signss; ð10Þ

rs ¼ r0 þ q
Xn

r¼1

hsrð1� expð�bvrÞÞ: ð11Þ
m the center of the grain (a) texture {001} without substrate, (b) texture
with substrate.



Fig. 6. Results of computations for req, E22 = 1%: 1. elastic: (a) {001}
without substrate, (b) {001} with substrate, (c) {111} without substrate,
(d) {111} with substrate, 2. elasto-plastic: (e) {001} without substrate, (f)
{001} with substrate.

F. Šiška et al. / Computational Materials Science 39 (2007) 137–141 141
The parameters K, n, r0, q, b have been set by using of the
experimental results of tensile test for single crystals of cop-
per in different directions [12]: K = 2, n=15, r0 = 0.9,
q = 80, b = 3.5. The total deformation of the film is 1%.
The Fig. 6e and f shows the values of req for {001} texture:
(e) without substrate, (f) with substrate. Some stress con-
centration at the grain boundaries are visible. There is also
a large heterogeneity in plastic deformation where the local
values lie between 0.2% and 4.0% for global value
E22 = 1%. The dispersion of plastic deformation is larger
in the presence of substrate.

5. Conclusion

The elastic and elasto-plastic behaviour of copper poly-
crystalline aggregate of copper with texture {001} and
{111} was simulated.The strain and stress heterogeneities
were compared. The main results are:

• Deformation is heterogeneous in {111} films although if
the {111} plane is the plane of isotropy for Young’s
modulus.

• Stress and strain in texture {001} are more heteroge-
neous than in {11 1} films.

• Stress concentration is close to the grain boundaries in
{111} films.

• Substrate induces larger dispersions of stress and strain.
This effect is more significant in {111} texture.
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