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Chapter 1

Introduction

1.1 Background Information

T

hin films deposited on substrates are one of the main building blocks of modern
microelectronic integrated circuits. They are also utilized in magnetic storage applications, micro-electro-mechanical systems (MEMS), and optical coatings.
The widespread usage of thin films is ultimately connected to the increasing miniaturization trend in electronic appliance technology. The need for small scale integrated
circuits necessitates small parts, so that the electrical charge is confined and conducted
through thin films, multilayers and connecting wires made up of materials possessing
different electrical properties [4]. In MEMS, thin films made up of piezoelectric materials
serve as actuators and sensors that range in size from sub-micrometers to millimeters
thus enabling miniaturization of conventional devices. Furthermore, physical properties that are not attainable in bulk form can be observed in thin films. For instance,
optical coatings are designed from multilayers of thin films either to pass or to block
certain parts of the optical spectrum by precise adjustment of the thickness of each layer
[11]. Finally cost benefits due to amount of material to be used also contributes to the
demand for the thin film form [11].
Thin films are mostly manufactured by vapor deposition processes in which the film
atoms are transferred from a source onto a substrate where film formation and growth
takes place. In physical vapor deposition, vaporization of the solid/liquid source is
attained by thermal means, whereas in sputtering the atoms are dislodged from the
solid source by colliding high impact gaseous ions. In both cases deposition is carried
out in a low pressure vacuum environment and at elevated temperatures for efficient
transport of the gaseous species [12].
The microstructural control of pure elemental metals in thin film form is achieved
through the choice of deposition temperature, Tdep , but also bound to the material properties [7]. According to the so-called structural zone model [13], microstructural development can be divided into three zones according to the homologous temperature,
Tdep /Tm (ratio of deposition temperature to melting temperature). As illustrated in figure 1.1, in zone I with very low Tdep /Tm , the restrained mobility creates needle-like
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Figure 1.1: Schematic illustration of the Structural Zone Model showing the transition from
needle-like grains to more equiaxed microstructure with increasing Tdep /Tm (Reprinted with
permission from [13]. Copyright [2003], American Vacuum Society).

porous microstructures. In the other extreme regime where Tdep /Tm > 0.4, large grains
with low surface and interface energies grow at the expense of smaller or unfavorably
oriented grains. A transition zone (Zone T) lies in between where competitive grain
growth occurs due to moderate mobility.

1.2 Motivation of Present Study
Thin film materials are primarily designed for adequate electronic properties; mechanical properties are of importance since they control the integrity and functionality of the
device in terms of excessive elastic deformation, yielding and complete failure. From
the point of view of mechanical reliability two key issues arise for thin films deposited
on substrates. Since deposition itself is far from thermodynamic equilibrium, films inherit an intrinsic stress during the growth. Moreover, thermal stresses develop simultaneously (when there is a thermal expansion mismatch between film and substrate) due
to temperature cycles involved during deposition and/or afterwards when the device
is in service.

1.2.1

Experimental Findings

The vast amount of literature on thin film mechanics comply with the view that mechanical properties are size dependent. Especially plasticity in metals is associated with
distinct size effects, e.g. [1, 20, 19, 14]. ‘Smaller is harder’ is the message in a nutshell
that is revealed by these studies. Experimental determination of stress in films is carried
out through either directly measuring the lattice strains by X-ray diffraction or by means
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Figure 1.2: Stress–strain behavior during micro tensile tests for thin films with varying thicknesses (reprinted from [14] with permission from Taylor and Francis).

of indirectly measuring the elastic deformation of the substrate commonly known as the
wafer curvature measurements.
Schwaiger et al. [14] have carried out micro tensile tests inside an X-ray diffractometer and measured the stress–strain behavior of copper films with varying film thickness.
The stress–strain curve given in figure 1.2 indicates a higher yield strength and stronger
hardening for a film thickness of 0.4 µm while the films with thicknesses 0.8 µm and
3.0 µm virtually gave the same response.
Another example will be highlighted because of its close relation to the current study.
Weiss et al. [19] have investigated the thermomechanical behavior of copper films deposited on Si substrates by wafer curvature measurements. Pure Cu and Cu–1%Al alloy
films were subjected to thermal cycles, where the minute addition of Al constitutes a
self-passivation layer on the free surface of Cu–1%Al films. Figure 1.3 shows the film
average stress as the temperature of the system is cycled between room temperature
and and 500◦ C. Upon heating, thermal stresses in the films gradually increases and onset of plastic deformation is seen with the deviation from linearity in the plot. The key
observation made was that inelastic relaxation is more pronounced in pure Cu films
with no passivation upon heating. In the cooling cycle hardening slope for pure Cu
suddenly increases with a decrease in temperature. The authors concluded that diffusion of material from the surface into the grain boundaries as described in [5], operated
as an auxiliary relaxation mechanism on top of dislocation glide when the temperature
is high enough for appreciable diffusion to occur. The softer response during heating indicates that diffusion is enabled while the sudden increase in hardening during cooling
indicates the diffusional relaxation mechanism for pure copper being disabled.
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Figure 1.3: Film average stress plotted against the temperature for 0.5 µm thick Cu films with
and without passivation layer (reprinted from [19] with permission from Elsevier).

1.2.2

Modelling of Small Scale Plasticity

Conventional continuum approaches are not capable of predicting a size dependent
mechanical response due to the absence of an innate length scale. The theory assumes
material elements to be homogeneously deformed, which is clearly not the case when
one considers the underlying glide motion of dislocations. However when the material
element under consideration is large so that it contains a vast number of dislocations,
the overall heterogeneities can be smeared out. Crystal plasticity models in this respect couple crystallographic slip in predefined directions with elastic distortions of the
lattice. Equipped with yield criteria and hardening laws formulated on a phenomenological basis, this method is suitable for plasticity problems where plastic anisotropy
plays a critical role. Upon examining smaller length scales, however, the number of
dislocations within the material element continuously decreases, thus approaching the
limit of meaningful statistical averaging. Moreover, dislocations can form patterns such
as cells and walls in order to minimize the total energy, which further contributes to
deformation becoming fully heterogeneous.
An analogous argument for the applicability range of continuum models can be elucidated through the separation of scales between continuum plasticity and individual
dislocations. The average spacing between dislocations can be estimated as,
1
l⊥ ∝ √
ρ
where ρ is the dislocation density (in units of length−2 ). As long as the characteristic
dimension of the material sample, l, is much bigger than the mean distance between
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Figure 1.4: Schematic illustration of separation between dislocation scale on the left and continuum scale on the right.

the dislocations, l >> l⊥ as in figure 1.4, the two scales are uncoupled and continuum
theory can be safely employed. In contrast, when the material thickness, grain size
and/or deformation wavelength becomes comparable with l⊥ , the two scales become
coupled thus producing pronounced size effects. It is for this reason that thin films
with thicknesses and grain sizes on the order of micrometers cannot be treated with
conventional continuum theories.
Continuum theories incorporating a native length scale have been developed to
tackle this issue. These approaches rely on more sophisticated constitutive description taking into account both strain and strain gradients rather than solely strain based
constitutive equations. The aim is to account for gradients in the plastic strain field due
to geometrically necessary dislocations (GNDs). GNDs are required to accommodate
the lattice curvature imposed by to non-uniform deformation such as, e.g., bending of a
beam. GNDs take part in relaxation just like every dislocation, but since they tend to order in structures they introduce an extra hindrance for the motion of dislocations. In the
size scale of micrometers their contribution to work hardening is also essential. These
methods are commonly referred as non-local or strain gradient theories. Few examples
of the methods are [2, 6, 21].
A direct physical mechanism based way to articulate size effects is the discrete dislocation framework. This is a mesoscale modeling tool where plastic deformation is
expressed by the collective motion of individual dislocations on slip planes. Size dependent plastic deformation of thin films with thicknesses and grain sizes on the order
of micrometers has successfully been described by this tool.
Nicola et al. [8] have studied the plastic deformation in thin films on substrates and
were able to demonstrate an increase in the strain hardening slopes with decreasing
film thickness. Moreover, the origin of size effects were explained with the presence
of a highly stressed interface boundary layer having a thickness of around 0.15 µm,
independent of the film thickness. The boundary layer forms because of dislocations
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piling up against the film/substrate interface which precludes plasticity in this layer
and also counteracts the generation of new dislocations through shielding the dislocation sources with back stresses. In a follow-up work [9] size effects due to grain sizes
of thin films were investigated where grain boundaries were also modelled to block the
dislocation glide. Fine grained microstructures revealed steeper strain hardening slopes
owing to greater confinement of plasticity in small grains. The predictions of two dimensional discrete dislocation plasticity in free standing films gave a very good agreement in terms of yield strength and hardening when compared with the plane strain
bulge test experiments [10]. Very recently even a better agreement of the entire stressstrain response is attained with incorporation of three dimensional considerations of
dislocation nucleation [15].

1.3 In This Study
The recent progress to understand and predict size dependent behavior with discrete
dislocation dynamics is promising. However in order to model intrinsic stress evolution and inelastic deformations at relatively high temperatures the contribution of diffusional mechanisms cannot be overseen. As mentioned above, the experimental studies from Weiss et al. [19] have glimpsed evidence for the coupling of glide and grain
boundary diffusion. Moreover the development of intrinsic stress in thin films is also
associated with diffusional material transport from surface into grain boundaries [3].
In this study, the development and relaxation of thermal as well as of intrinsic stresses
is studied. Two inelastic relaxation mechanism are considered: glide of dislocations on
slip planes and grain boundary diffusion. The discrete dislocation dynamics method
will be extended to study grain boundary diffusion as an inelastic deformation mechanism, with special emphasis on revealing the size effects that are connected to diffusion.
A continuum approach for grain boundary diffusion will also be presented in order to
substantiate the size effects and make comparisons. Finally, the first steps towards the
coupling of these mechanisms in a unified discrete dislocation scheme for growing films
will be presented.
In Chapter 2 a brief summary of the discrete dislocation framework from [18] is
given since it constitutes the backbone of the models developed in the consecutive chapters. The remainder of this chapter is allocated for a simple introductory exercise in
which the assessment of wafer curvature experiments as mentioned in section 1.2.1 is
performed.

1.4. Stoney’s Equation
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1.4 Stoney’s Equation
Wafer curvature experiments are one of the standard methods for investigating stresses
in thin film/substrate systems and in multilayers. The method also enables in-situ stress
monitoring during film deposition, e.g. see [16]. Sophisticated experimental tools such
as scanning the wafer surface with a laser beam are utilized in order to increase the
accuracy of the measurements.
The average stress in the film is determined from the measured curvature by Stoney’s
equation [17]:
E
h2s
hσ11 i =
,
(1.1)
1 − ν 6hf R
where E is the elastic modulus and ν is Poisson’s ratio of the substrate. The thickness
of film and substrate are denoted by hs and hf respectively and R is the radius of curvature, which is typically measured on the back side of the substrate. The key aspect of
Stoney’s equation is that it involves only the elastic constants of the substrate. In fact,
it also applies if the film undergoes inelastic deformation provided that the substrate
remains in the elastic deformation regime. It is noted that Stoney’s equation and therefore wafer curvature measurements do not enclose information about the distribution
of stress within the film.
Stoney’s equation comes with several assumptions which should be handled with
care to ensure the validity of the prediction. In order to gain more confidence on the
bounds of the accuracy, we perform finite element computations of film/substrate systems with different geometries subjected to thermal stress. The substrate curvature and
the film average stress are calculated independently and checked versus Stoney’s equation.
The assumptions on which Stoney’s equation is built are:
1. The stress state in the film is equibiaxial.
2. The derivation relies on linear elastic bending theory. This brings the restriction to
work with slender systems.
3. The film thickness should be very small compared to the substrate thickness i.e.
hf << hs .
4. The substrate attains a uniform curvature.
5. Both substrate and film material are homogeneous, isotropic and the substrate is
linear elastic.
In the remainder, the plane-strain version of Stoney’s equation is investigated; the other
assumptions remain unchanged.
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Problem Description

The two-dimensional plane strain problem illustrated in figure 1.5(a) concerns a thin
film (hf = 0.5 µm) perfectly bonded onto a thick substrate (hs = 50 µm) of width w. The
film possesses a thermal expansion coefficient, αf = 23.2 × 10−6 /K◦ , that is higher than
that of substrate, αs = 4.2 × 10−6 /K◦ (values are typical for Al on Si). Upon cooling the
system with a temperature change of ∆T = −200K ◦ , displacement continuity along the
film/substrate interface induces a tensile stress in the film, while the substrate is under
a weak compressive stress (see figure 1.7). Since both film and substrate are treated as
linearly elastic and isotropic, the governing equations read
σij,j = 0
1
εij = (ui,j + uj,i )
2
εij = Mijkl σkl + α∆T δij

(1.2)

where Mijkl is the forth order compliance tensor and δij is the Kronecker delta.
The system has traction-free surfaces all around. The lower left corner of the substrate is fixed while the lower right corner is free to move in x1 but is fixed in x2 with a
roller support in order to prohibit rigid body translations and rotations. The boundary
value problem is solved numerically by the finite element method (FEM). If the deformation of the film–substrate system would be simple bending, the substrate would
attain the negative radius of curvature R as shown in figure 1.5(b).

1.4.2

Plane Strain Stoney’s Equation

For the two-dimensional problem formulated in the previous subsection, equation (1.1)
which was derived for biaxial stress state, needs to be modified for the plane strain
condition. Assuming the substrate is deforming in simple bending mode as illustrated
in figure 1.6, it is known from elementary beam theory that the bending stress σ11 across
the height of a beam with unit out of plane thickness is given by
σ11 =

12M x2
,
hs 3

(1.3)

where M is the bending moment.
For a beam with the origin of the coordinate system chosen to be located at the
center of gravity of its cross section, the longitudinal strain ε11 is related to the radius of
curvature R as
x2
= −κx2 .
ε11 =
(1.4)
R

1.4. Stoney’s Equation
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T=600K
w
(a)

T=400K

(b)
Figure 1.5: The schematic illustration of problem is given at T = 600K ◦ (a). Deformed mesh of
the film/substrate system when temperature is decreased to T = 400K ◦ (b). Deformations are
50 times amplified.

Figure 1.6: Schematic illustration of uniform bending of a beam.

The linear elastic constitutive law
¶
µ
1+ν
ν
δij σkk
εij =
σij −
E
1+ν

(1.5)

together with the plane strain condition ε33 = 0 yields
ε11 =

(1 − ν 2 )
σ11 .
E

(1.6)
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In passing, it is noted that under biaxial stress, i.e. σ11 = σ33 and σ22 = 0, equation (1.5)
becomes
(1 − ν)
ε11 =
σ11 .
(1.7)
E
For the system to be in equilibrium, force balance necessitates hσ11 if hf = −hσ11 is hs ,
while the balance of moments reads
M = hσ11 if hf hs /2.

(1.8)

Combination of the equations (1.3), (1.4), (1.6) and (1.8) result in Stoney’s equation in
plane strain,
E
h2s
hσ11 if =
.
(1.9)
1 − ν 2 6hf R
The difference with the biaxial version in equation (1.1) is solely due to the plane strain
modulus E/(1 − ν 2 ) in equation (1.6) instead of the biaxial modulus E/(1 − ν) in equation (1.7).

1.4.3

Results

FEM calculations are carried out for different values of the width w when the temperature drops from T = 600K◦ to T = 400K◦ . Elastic field quantities are calculated according to equation (1.2). Adaptive meshing is found to be necessary for accurately taking
into account the effect of traction free edges on the radius of curvature and stress distribution. Thus the element width increases away from the the traction-free edges (see
figure 1.5(b)). The stress distribution for a film with w = 8 µm is shown in figure 1.7 to
exemplify the decay in σ11 towards the edges.
The bottom surface of the substrate is scanned along x1 and the local radius of curvature R is computed from
1
d2 u2 (x1 )
(1.10)
=−
R
dx21
which leads to the Stoney estimate of the thickness-average stress hσ11 ihf through equation (1.9). Moreover, hσ11 ihf for the film as a function of x1 is calculated by averaging the
FEM solution of σ11 over the film height according to
hσ11 i

hf

1
=
hf

Z

hf

σ11 (x1 , x2 ) dx2 .

(1.11)

0

Note that both measures vary along the width of the film, as can be seen in figure 1.8 for
various widths w. The substrate thickness is taken to be 50µm while the film thickness is
0.5 µm for all the calculations. The aspect ratio χ is defined as the length of the substrate

1.4. Stoney’s Equation

11
σ11 [MPa]

0.5

film
0

550
450

-0.5

350
-1

250

subs. -1.5

150
50

-2

-50
-150

-2.5
1

2

3

4

5

6

7

8

Figure 1.7: The distribution of thermal stress σ11 in the film/substrate system for w = 8µm. Only
a small portion of the substrate is shown in order to improve visibility of the stress distribution
in the film.
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Figure 1.8: Thickness-average film stress according to Stoney’s equation (1.9) (solid lines) and
according to the FEM solution (dashed lines) through equation (1.11).
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χ=0.32
χ=0.64
χ=1.28
χ=2.56
χ=5.12
χ=10.24
χ=20.48
χ=40.96
χ=81.92

Figure 1.9: Aspect ratio χ = w/hs of the substrate geometries considered. Only for the red ones
a meaningful curvature was observed due to bending of a beam.

divided by its thickness and tabulated in figure 1.9 for the geometries considered in
figure 1.8.
It is observed that for systems with χ < 2.64, a negative radius of curvature ceases
to exist. In fact, in terms of employing beam theory, substrates with χ < 5 disqualify
anyway.
For increasingly slender geometries with χ > 5, away from the edges, a portion of
the uniform radius and therefore uniform hσ11 ihf develops and with further increase in
χ uniform radius and stress starts to dominate. Moreover from the dashed curves in
figure 1.8, it can also be seen that the edge effects are also confined to smaller fractions
of the film width as χ increases.
In order to calculate the film-average stress, hσ11 if , the local curvature is averaged
along the width of the substrate over the range w/4 < x1 < 3w/4 (in between the dashed
gray lines shown in figure 1.8). This is more or less the range in which the curvature is
uniform for substrates with χ > 5. In order to judge the accuracy of wafer curvature
predictions, hσ11 if is also calculated via the numerical integration of the FEM solution
of σ11 over the entire film. The results are plotted for different geometries in figure 1.10.
The data points reveal that in the aspect ratio range χ < 5.12, wafer curvature measurements are not suitable. When χ ≥ 5.12 the stress values calculated from Stoney’s
equation slightly overestimate the film stress, but the difference fades with increasing
χ (at χ = 81.92 the difference is only 0.28%). The agreement is due to both a perfectly
uniform curvature for the interior region where the averaging of substrate curvature
is carried out and due to considering a film that is wide enough for edge effects to be
insignificant.
For an infinitely wide film, the thermal stress is given by (see Chapter 5 for a more
detailed description)
(αs − αf )E∆T
.
hσ11 if =
(1.12)
(1 − v)

1.4. Stoney’s Equation
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The value for the parameters chosen here is indicated in figure 1.10 with the dotted line.
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Figure 1.10: Comparison of the film-average stress hσ11 if in plane strain calculated with
Stoney’s formula (1.9) and that from the FEM solution as a function of the substrate aspect ratio
χ = w/hs .

It is found that the predictions based on the curvature measurement are in good
agreement with the finite element solution when the width of the system is around 40
times larger than the substrate thickness. Also it is observed that while the radius of
curvature is uniform over the central region, it deviates near the edges and therefore is
misleading for estimating the film average stress.
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