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Part I

Context





Chapter 1

Scientific and technological moti-

vations

The expression "thin films" is used when referring to layers of materials
with thickness ranging from a single atomic monolayer to several mi-
crometres. However, the small thickness of thin films is not their only
specific feature as the deposition methods are very particular. Indeed,
thin film fabrication requires specific techniques usually divided into
Chemical Vapour Deposition (CVD) and Physical Vapour Deposition
(PVD). These processes are responsible for the specific microstructure
of thin films which then influences their properties. The sometimes
unique properties of thin films encouraged their use in a wide variety of
applications:

• The microelectronic industry is probably the main field that has
promoted the development of the thin film technology. Electronic
devices make use of the electrical properties of thin films as well
of their small size with the continuous quest for miniaturisation.

• In MicroElectroMechanical Systems (MEMS), the mechanical pro-
perties of thin films are important considering that some elements
of the device move and deform in response to an electric signal
(actuators). Similarly, an external force can induce the motion of
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4 Chapter 1. Scientific and technological motivations

an element of the device which in turn is converted into an electric
signal (sensors).

• Thin films can be used also as surface coatings for surface func-
tionalisation of bulk metallic, ceramic, glass, and polymeric mate-
rials. In this case, the mechanical or optical properties of the film
material are used to improve (e.g. wear resistance) or to add a
particular property (e.g. reflectivity) to the substrate.

In all these applications, the reliability of the devices and coatings is
a major concern. Material with small-scale dimensions involve indeed
mechanical properties different from their bulk counterpart. This is due
to the dominance of surface and interface effects in thin films as well as
due to their particular microstructure (e.g. with often only one grain
over the thickness). These particular features can affect the mechanisms
controlling the deformation and fracture behaviour of the films which
can have deleterious effects on the proper operations of the devices. It
is thus essential to develop testing methods to characterise the mecha-
nical properties of thin films. Moreover, combining the extraction of the
mechanical properties to standard observation with SEM and TEM is
needed to understand the origin of the size dependent deformation and
failure mechanisms in thin films. Understanding the link between the
microstructure and the mechanical properties can then open new routes
to improve the properties.

Whereas conventional MEMS structures aim at extracting the internal
stress and Young’s modulus of the coatings, we are interested here in ex-
tracting the entire behaviour of the thin film materials from small elastic
strain to large plastic strain. Adaptation of classical techniques used to
test bulk materials is not straightforward and, over the years, numerous
concepts of micro- and nanomechanical testing techniques have been
proposed. In this thesis, a novel concept based on MEMS fabrication
methods is developed which aims at solving some of the deficiencies of
the existing techniques. The original idea of the concept is to use the
internal stress generated in a thin layer to actuate another layer from
which the mechanical properties can be extracted. This original idea
was first proposed by J.-P. Raskin and T. Pardoen and I demonstrated
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the feasibility of the technique during my master thesis in 20061. This
thesis is the first one on the subject and has, for primary objective, to
demonstrate the ability of the technique to extract full stress-strain res-
ponse of thin film materials. Although the concept does not allow to
directly test the adhesion of thin films on substrate, one major strength
is its versatility as the simple fabrication process enables to extract in
principle the mechanical properties of any industrial deposit. This work
describes the novel concept and is applied to the study of the mechanical
behaviour of Al and AlSi films revealing some interesting physical and
mechanical effects.

The thesis is divided into three main parts. Part I starts with the context
of the work with Chapter 2 describing the state of the art in mechanical
testing of thin films while Chapter 3 focusses on the mechanical pro-
perties and deformation mechanisms already observed in Al films. In
Part II, the new tool developed in the frame of this thesis is described in
details. The concept is presented in Chapter 4 together with the rules
governing the design procedure. Chapter 5 describes the fabrication
process while Chapter 6 explains how the parameters needed for data
reduction are extracted. The last chapter of part II (Chapter 7) gives
some additional extensions to the new tool. Part III finally gives all the
extracted results from the new mechanical tool focussing on two thin
film material systems: AlSi (Chapter 8) and pure Al (Chapter 9).

1The technique is now patented under the name "Thermal stress actuated micro-

and nanomachines for testing mechanical properties of micro and nano-sized material

samples".





Chapter 2

State of the art in mechanical tes-

ting of thin films

Adaptation of mechanical testing methods used for macro-sized speci-
mens to the micro- or nanoscale is not straightforward. The physical
dimensions of specimens of interest range from a few hundreds micro-
metres down to several nanometres. As a consequence, specimens are
easily damaged through handling and gripping. Moreover, extreme dis-
placement and load resolution is required for extraction of mechanical
properties of small specimens.

This chapter aims at reviewing some of the methods developed for the
extraction of the mechanical properties of materials with at least one
small dimension. These methods are divided into two broad categories:
testing of thin films on substrate (Section 2.1) and testing of freestanding
thin films (Section 2.2).

This is not an exhaustive list and details about each of these techniques
can be found in the cited references as well as in the following paper
reviews: [22], [96] and [105].
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8 Chapter 2. State of the art in mechanical testing of thin films

2.1 Thin film on a substrate

2.1.1 Nanoindentation

Nanoindentation, also called depth sensing indentation, is the most wi-
despread method used for mechanical characterisation. The idea is to
measure the material resistance to a sharp tip as a function of the pe-
netration depth. This results in a load-displacement curve with loading
and unloading segments that describe the material response (Fig. 2.1a).

L
o
a
d

Displacement

1

Loading

Unloading

2

3

(a)

1

2

3

(b)

Figure 2.1: (a) Schematic of a typical load-displacement curve ob-

tained by nanoindentation, (b) side view schematic of the different

steps in the nanoindentation process.

The indenter tip is generally made of single crystal diamond and can
be produced with different shapes depending on the type of experiment.
The tip can be conical, spherical, cube corner, four-sided Vickers type
or three-sided Berkovich type. The latter is the most frequently used in
nanoscale testing as it is the easiest way to manufacture perfect sharp
tips.

The different steps involved in depth sensing indentation can be descri-
bed as follows. The tip is moved till making contact with the material
(1 in Fig. 2.1). The load is then applied to maintain a constant tip
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displacement rate. The material deforms first elastically and then plas-
tically. The strain field in the vicinity of the tip is quite complex. After
reaching the maximum indentation depth, the load is maintained for
several seconds (2 in Fig. 2.1). The unloading takes place and the load
is decreased to zero with the same rate as during the loading step (3 in
Fig. 2.1). The unloading segment of the load-displacement curve is then
governed only by the elastic properties of the material.

The main two parameters which can be extracted from nanoindentation
are the hardness of the material H and its Young’s modulus E.

The hardness is determined via the following equation:

H =
P

A
, (2.1)

H hardness;

P applied load;

A indenter/material contact area1.

The Young’s modulus is extracted from the unloading part of the load-
displacement curve. Doerner and Nix [25] proposed a first approach
based on the assumption that unloading occurs linearly. Oliver and
Pharr [99] improved that method assuming the unloading data were
better fitted by a power law.

One inherent feature of the methods used to determine the hardness or
the Young’s modulus is that these quantities are not directly measured
but rely on assumptions such as on the surface of the contact area.
When it comes to thin film testing, it must be verified whether these
assumptions are still valid. Indeed, in thin films, substrate effects play
an important role in the shape of the load-displacement curve and the
Young’s modulus is more affected than the hardness. Practically, the
maximum indentation depth should be limited to a small fraction of
the specimen thickness in order to avoid substrate effects. This fraction

1This parameter depends on the indentation depth and is not measured. It is

calibrated from indentations at different depths on a material with known mechanical

properties.
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(a) (b)

Figure 2.2: Schematic of pile-up (a) and sink-in (b) effects.

depends on the stiffness mismatch between the film and the substrate
and can vary from less than 1% to more than 20%. Several models aim at
increasing the accuracy of the extracted Young’s modulus [61] but films
typically thinner than one hundred nanometres should not be tested by
nanoindentation. Too small indented volumes are not representative of
the tested material and too large volumes will be affected by the presence
of the substrate.

Another major complication with nanoindentation is the occurrence of
pile-up (Fig. 2.2a) and sink-in (Fig. 2.2b) of the material around the
indenter tip. Pile-up occurs in soft materials where plasticity is respon-
sible for transport of material near the indenter tip. This increases the
contact area between the film and the indenter. On the contrary, for
hard materials, the difficulty to deform the material causes the strain
field to propagate to a larger volume away from the indenter tip. This
creates the sink-in effect and results in a decrease in the contact area
between sample and indenter. Pile-up and sink-in effects both modify
the contact area between the film and the substrate which has a di-
rect impact on the accuracy of the extracted hardness and the Young’s
modulus.

The load-displacement curve obtained by performing a nanoindentation
test on a thin film is a quite complex output. It is affected by many
events such as cracking, delamination, pile-up and sink-in, substrate ef-
fect, etc. Nevertheless, nanoindentation stays a powerful tool as it needs
no special requirement regarding specimen shape or preparation. Hard-
ness and Young’s modulus are the most routinely measured properties
with this technique and have been extracted from numerous thin film
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materials. The trend now is to couple nanoindentation with modelling
to extract other material properties [12] [100].

2.1.2 Wafer curvature thermal cycling

The field of microelectronics and many other industries are very concer-
ned by the deposition of thin layers on thick substrates. Deposition often
occurs at temperatures higher than room temperature. Due to the dif-
ference in thermal expansion coefficients of the two materials, cooling
to room temperature causes the substrate to curve to accommodate the
strain. The change of curvature of the substrate can be linked to the in-
ternal stress arising in the film through the well-known Stoney equation
(Eq. 2.2).

σ =
1
6

Es

1 − νs

t2
s

tf

(

1
Rpost

− 1
Rpre

)

, (2.2)

σ stress in the film;
Es

1−νs
biaxial modulus of the substrate material;

ts thickness of the substrate;

tf thickness of the film;
1

Rpre
initial curvature of the substrate;

1
Rpost

final curvature of the substrate.

The Stoney equation is actually a simplification of the more general
case of the thermo-elastic deformation of a bilayer which still has an
analytical solution [39]. The simplification comes from the fact that the
thickness of a layer (thin film) is negligible compared to the other layer
(substrate). The interest of Eq. 2.2 comes from the fact that the stress
is independent of the film properties. There is thus no need to know the
Young’s modulus of the thin film material to extract the internal stress.
It is also important to note that Eq. 2.2 is valid for both elastic and
plastic deformation within the film.
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The thermal mismatch between the substrate and the thin film material
is not the only origin explaining the internal stress, but it is the basic
principle ruling the wafer curvature thermal cycling technique. The idea
is to make use of differences in thermal expansion coefficients to impose
varying biaxial strains in the film through heating and cooling.

Flinn et al. [41] were the first to use thermal cycling on thin films de-
posited on silicon wafers to extract mechanical properties. Many au-
thors [128] [116] [4] [104] [80] used that method since then. The principle
is always the same: record the internal stress in the film as a function
of the temperature. The difference from one author to the other is the
technique used to measure the stress. Two broad categories can be dis-
tinguished: those based on a direct measurement of elastic strains by
X-rays and those based on measurement of the associated curvature. X-
rays methods give information on all the components of stress but work
only in the case of crystalline thin films. Substrate curvature methods
give an average value of the stress but are easier to implement and work
for any kind of films.

Fig. 2.3 shows a typical thermal cycling experiment in which the thermal
expansion coefficient of the film is larger than the one of the substrate.
Heating has thus the effect of reducing tensile internal stress which then
turns into compressive stress. The deviation from linear elastic beha-
viour gives information about the yielding point. Then, the decrease
in the compressive stress with increasing temperature gives information
about the temperature dependence of flow stress. The cooling part of
the experiment when tensile stress develops within the film gives also
the tensile flow stress as a function of temperature.

Wafer curvature thermal cycling is thus a good technique to investigate
yielding and plastic flow of thin films. This testing method has been used
extensively to determine the yield stress variation of different Al alloy
films [128] [116] [4] [80]. Still on Al alloy films, isothermal stress relaxa-
tion experiments by wafer curvature measurement were performed to
determine the creep parameters of the film material [104] [92]. However,
because the actuation is thermally imposed, no isothermal stress-strain
experiment can be performed with the present technique. Moreover, any
microstructural change that occurs during the experiment will contri-
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bute to the shape of the stress-temperature plot. Indeed, grain growth,
precipitation or recrystallisation can occur due to temperature. In this
case, the first thermal cycling experiment can give a plot different from
further heating and cooling cycles.

Cooling

Heating

Temperature

B
ia

x
ia

l 
S
tr

es
s

Yield stress

Figure 2.3: Typical stress-temperature plot for a film on substrate

submitted to heating followed by cooling back to room temperature.

Changes in microstructure in such experiments as well as the will of
having more insights in the deformation mechanisms has pushed some
authors to modify the wafer curvature thermal cycling experiment in an
in situ TEM experiment [86] [88]. This was performed by cutting from
as-deposited samples followed by polishing.

2.1.3 Compression test of a film on a substrate

Due to the increasing number of nanoindenters and the existence of Fo-
cussed Ion Beam (FIB) as an etching tool, there has been a growing
interest for performing compression of micropillars. This test is similar
to macroscopic compression test except from the fact that the specimen
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is not freestanding. The lower end of the micropillar is indeed connec-
ted to the substrate in order to avoid micromanipulation. As a result,
the substrate acts as the lower compression platen during the test. The
actuation is performed with a nanoindenter with a flat punch as sket-
ched in Fig. 2.4. Micropillar compression has been extensively used on
Ni, Au, Al, Cu, Nb, W and Mo single crystals (see [123] and [51] for
recent reviews). Most studies focussed on the strong dependence of the
yield strength with the diameter of the pillar. However, care must be
taken when interpreting data from FIB milled specimens as gallium ions
used in specimen preparation can indeed induce defects in the material
modifying its intrinsic properties [78]. Note that recently, Bei et al. [6]
produced pillars by the dissolution of a matrix grown by directional
solidification which enables to avoid the complications of FIB-related
defects and damage.

Micropillar

Flat nanoindenter tip

5 µm

Figure 2.4: Compression test on FIB prepared micropillar.

2.1.4 Tensile test of a film on a substrate

Generally, the easiest way to extract mechanical properties of a ma-
terial is to perform a uniaxial tensile test. Measurement of the force



2.1. Thin film on a substrate 15

versus displacement imposed to the specimen enables the extraction of
the stress-strain behaviour. The challenge with thin films is the diffi-
culty to handle and transfer thin specimens. An alternative consists in
deforming films still attached to their substrates. This has the advan-
tage of avoiding handling issues. However, determination of the stress
applied to the film is quite difficult since the external applied force is
distributed between the substrate and the film. In order to minimise
the contribution of the substrate to the mechanical response of the film-
substrate composite, soft materials with low Young’s modulus can be
used instead.

In [75], the thin film material is deposited as a long strip on top of a
4µm-thick polyimide layer itself deposited on a silicon wafer. The poly-
imide is then peeled off the silicon and specimens are prepared by cutting
strips in the polyimide which now acts as a substrate for the top thin
film. The composite polyimide-thin film is then mounted on a micro-
tensile testing machine for further actuation. Two kinds of samples are
tested separately: thin film/polyimide strips and polyimide strips. The
force-displacement behaviour of the thin film material is obtained by
subtracting the force contribution in the polyimide tensile test from the
composite tensile test (Fig. 2.5). This is correct as long as the two ma-
terials in the composite strip deform homogeneously (no occurrence of
fracture or delamination). Note that a difference in the Poisson coeffi-
cients of the two materials can also induce lateral stresses in the tested
thin film.

Another approach which avoids testing the polymer substrate inde-
pendently from a substrate/thin film composite is to perform in situ
stress measurement. X-ray diffraction is then used to measure directly
the spacings between similar planes in the specimen material lattice.
The offset with respect to the unstrained lattice parameter gives ac-
cess to the stress via Hooke’s law. This method was first proposed
by Schadler and Noyan [113] and has been used by several authors since
then [80] [64] [108] [52]. This technique implies to perform tensile testing
in a stepwise manner. The sample is strained using a dedicated tensile
set-up (electro-mechanical tensile machine [64], micrometre screw [108])
and a complete stress measurement is done with the X-ray synchrotron
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Force

Strain

5 mm

Figure 2.5: Illustration of the methodology used for tensile testing

on polyimide substrate with typical length scale of the specimens [75].

after each step.

Oh et al. [97] performed an in situ TEM experiment with thin films
on polyimide substrate. For this experiment, dogbone shape specimens
were designed (metal on top of a 8µm-thick polyimide layer). The spe-
cimens were glued on a rectangular Cu support itself fixed to a straining
stage. The centre of the support had a rectangular hole for TEM obser-
vation. Further ion milling of the polyimide substrate was necessary to
have electron transparent specimens. Although such experiments give a
lot of information on the behaviour of the thin film material, stress and
strain are not measured during the in situ experiment. Instead, sepa-
rate tests are performed on the same kind of samples by in situ XRD
straining techniques using a synchrotron radiation source as in [113].

Besides the TEM investigations of Oh et al. [97], tensile testing of films
on compliant substrate has been performed to get the full tensile stress-
strain behaviour of the film material. Kang et al. [75] focussed on Al
films whereas Arzt and Spolenak [80] [52] focussed on Cu.
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2.2 Freestanding thin films

MEMS devices differ from the structures of previous section by the pre-
sence of freestanding parts. Fabrication of MEMS includes the same
deposition and patterning steps used in microelectronics to build com-
plex sandwishes of 2D structures. The additional step is the etching
of a sacrificial layer to free the upper layers from the substrate. This
enables to dispose of movable structures. One inherent problem with
freestanding structures is their tendency to deform once released from
the substrate. This comes from the release of the internal stresses that
arise in the successive layer depositions. As a consequence, very soon in
the history of MEMS, work has been done to extract the internal stresses
in thin layers (Section 2.2.1). It is only afterwards that structures were
designed to extract the intrinsic mechanical properties of thin layers such
as the Young’s modulus (Section 2.2.2 and Section 2.2.3) and even later
that the focus was put on extracting the full mechanical behaviour until
fracture (Section 2.2.4).

2.2.1 Extraction of internal stress

Usually, the most common way to extract the internal stress of a thin
layer on a substrate is to measure the change of substrate curvature
consecutive to deposition. This relies on the Stoney formula which is
explained in Section 6.5. The main advantage of Stoney formula is to
provide a direct measurement of the internal stress of a thin film on
a substrate but does not necessitate to know the Young’s modulus of
the film. Unfortunately, wafer curvature measurement does not allow
local stress measurements and cannot account for stress gradient. Many
freestanding structures have thus been proposed to measure, for a known
Young’s modulus, the local average residual stress. Some of them are
reviewed in [124]. Such structures are generally made of one material
with a specific geometry so that, when etching the underneath sacrificial
layer, the internal stress in the structure material is released creating a
deflection of the structure. This deflection can be measured in order to
extract the internal strain in the structure layer.
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In the case of compressive internal stress, an array of clamped-clamped
beams with varying length can be used as a strain sensor [54]. Once
released, a single clamped-clamped beam under compressive stress will
buckle if its length is higher than a critical length (see Fig. 2.6a). This
critical length is determined by the Euler criterion as determined in [54].
A proper design of the array of beams enables to capture any level of
compressive stress and the accuracy is fixed by the length increment
between two beams.

A similar concept of array of structures can be used to determine the
level of tensile internal stress. This time the structures are rings fixed to
the substrate at two points while a central beam spans perpendicularly to
the anchor points [53]. Once released, the tensile internal stress puts the
central beam in compression (see Fig. 2.6b). Similarly to the clamped-
clamped beams, buckling occurs for a critical length.

Rotating sensors are another type of strain sensor where two beams relax
in opposite directions inducing a torque to a third beam which is de-
flected. Different geometries are encountered in the literature (see [63]
and [124] for a review) and generally there is an analytical relation-
ship linking the deflection to the internal strain although finite element
simulations can provide more accurate results. These type of sensors
are convenient for both tensile and compressive stress measurement (see
Fig. 2.6c, d and e). They have been successfully used on a wide variety
of materials including polysilicon [63], Al [27] and Cu [126].

2.2.2 Bending experiments

Bending of cantilever micro-beams was first performed by Weihs et
al. [134] and has been reproduced since then in references [56] [32] [62].
The original technique involves the deflection of a freestanding cantile-
ver beam by means of a nanoindenter (see Fig. 2.7) although electric
actuation is also possible [130]. Standard microfabrication techniques
are used to create the cantilevers. Dimensions are on the order of a few
micrometers to submicrometer thickness, tens of micrometers wide and
hundreds of micrometers in length. Using simple elastic beam theory,
the stiffness of the cantilever can be extracted (Eq. 2.3).
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Figure 2.6: MEMS structures aiming at extracting the internal

stress in thin layers: (a) array of clamped-clamped beams for com-

pressive internal stress, (b) array of rings for tensile internal stress,

(c)-(e) various designs of rotating sensors for any type of internal

stress (with typical length scale).
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Figure 2.7: Bending test performed on a freestanding cantilever

beam (with typical length scale).
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(2.3)

k stiffness of the beam;

E elastic modulus of the film material;

w width of the beam;

ν Poisson ratio of the film material;

t thickness of the beam;

l distance between anchor of the beam and contact point with the
nanoindenter.

The stiffness is obtained from the bending experiment as the slope of
the load-deflection curve. The Young’s modulus can thus be extracted
using Eq. 2.3. Special care must be taken when measuring the thickness
and length of the beam as they appear to the third power. Moreo-
ver, undercutting of the anchor can introduce some uncertainties in the
measurement of the cantilever length.
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The yield strength can also be extracted as long as the permanent defor-
mation regime is reached in the cantilever beam [96]. One of the major
disadvantage of the technique lies in the inhomogeneous strain distribu-
tion in the cantilever beam. This is a consequence of the non-constant
bending moment along the length of the beam. Florando and Nix [42]
proposed a solution to that problem by performing the same kind of
test on triangular beams. The resulting uniform strain field combined
to simple computational modelling allows extraction of the stress-strain
behaviour for the elastic regime as well as the early stages of the plastic
regime. Van Barel [124] uses a different configuration where bending is
performed on a chariot wheel structure instead of a freestanding beam
which allows a more accurate determination of the Young’s modulus.

Bending has been used on a wide variety of materials ranging from
standard metals like Al and Cu [56] [42] to more exotic materials like
ultra nanocrystalline diamond [32] and biocompatible materials [62].

2.2.3 Bulge test

The bulge test consists in deflecting a thin membrane by means of a
pressurised fluid. In the original version of the bulge test developed by
Beams [5], the freestanding film covers a cylindrical or rectangular shape
cavity. The film is fixed at the edges of the chamber and the maximum
deflection occurs at the centre of the membrane. The bulge height can
be measured by interferometry. The output coming from a bulge test is a
pressure-deflection plot with loading and unloading cycles. Based on an
energy minimisation analysis complemented by finite element analysis
[107], a relationship between pressure and deflection can be found where
the residual stress and the Young’s modulus of the membrane are the
unknown parameters. The fitting of the experimental data with this
relationship provides the values of both parameters. The stress and
strain in the membrane are not directly measured and a data reduction
procedure accounting for edge effects is needed.

The technique has evolved over the years essentially by changing the
shape of the cavity. By using a high aspect ratio rectangular cavity, the
edge effects are concentrated in the rectangle short ends and uniform
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Figure 2.8: Cross-section of the middle of a high aspect ratio rec-

tangular membrane in a bulge test (with typical length scale).

plane strain deformation develops within the middle of the membrane
(Fig. 2.8). In this particular case no finite element analysis is needed
for the extraction of stress and strain in the membrane. Instead, the
following approximations can be made [105]:

ε =
2

3a2
H2 (2.4)

σ = σres +
E

1 − ν2
ε =

a2

2t

P

H
(2.5)

ε strain in the middle of the membrane;

σ stress in the middle of the membrane;

P pressure applied in the cavity;

H bulge height;

t membrane thickness;

a half-width of the membrane;

σres residual stress in the membrane;

E Young’s modulus of the membrane material;

ν Poisson ratio of the membrane material.

The bulge test is a suitable technique for extraction of the elastic as well
as plastic properties of materials. It has been used on a wide variety
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of materials including metallic [52] and polymeric [67] layers to extract
properties such as the residual stress, the Young’s modulus and the yield
strength. Extension of the bulge test to higher pressures can even be
used to burst rectangular membranes [107]. In this case, finite element
analysis gives access to the fracture strength.

The bulge test is usually reported as an easy method to determine the
in-plane mechanical properties. However, apart from Vlassak et al. [135]
who report deformation up to 4%, most experiments report deformation
below 1% [133] [136] [52] [94] and other techniques should be preferred
to measure the mechanical behaviour of more ductile films.

Another limitation comes from the residual stresses in the membrane.
Tensile residual stresses make the membrane flat when no pressure is
applied. On the contrary, compressive residual stresses result in a buck-
ling of the membrane. In this particular case, the resulting initial dome
height has to be accurately measured in order to avoid large errors in
the experimental results.

2.2.4 Uniaxial tensile testing

As already stated in Section 2.1.4, the uniaxial tensile (or compres-
sive) test provides the easiest interpretable data in order to extract
the mechanical behaviour of a material. But, adaptation from bulk
testing to small-sized specimen testing is not straightforward. Indeed,
new concerns arise such as specimen preparation, handling and moun-
ting. This section aims at describing some of the major attempts to
circumvent these difficulties.

Four major components can be distinguished in any tensile testing ma-
chine. These are the mechanical frame and the grips, the actuator, the
load sensor, and the strain sensor. All these four components need to
be adapted for small-sized specimen testing.

In the method developed by Read et al. [106] [14], microfabrication tech-
niques such as deposition, lithography and etching procedures are used
to produce micro-sized specimens. The substrate is a silicon wafer and
the frame and specimen are made with the same thin film deposit. The
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Figure 2.9: Tensile test developed by Read et al. [106] (with typical

length scale).

specimen is a 180µm-long and 10µm-wide beam. One end of the spe-
cimen remains connected to the surrounding frame while the other end
is a tab connected to the frame via three tethers (Fig. 2.9).

The silicon under the specimen beam, tab and tethers is removed over
a sufficient depth so that a hook can be inserted in the tab. The hook
is connected to an extension arm and a force sensing device which has
a force range of 20 mN. The hook with extension arm and force sen-
sing device is further mounted on a three-axis micromanipulator having
piezoelectric motors that acts as the actuator. Before starting uniaxial
loading, the tethers are cut with the hook. The hook is then inserted in
the middle of the tab and tension is provided by moving the hook along
the correct axis. The tensile test is performed under a microscope and
displacements and strains are calculated using digital image correlation
(DIC) techniques. This technique was successfully used to extract the
stress-strain curve of micro-sized films in polysilicon, pure Al, Al alloys,
polyimide and electrodeposited Cu [14].

Another noteworthy tensile testing technique is the one developed by
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Figure 2.10: Tensile test developed by Sharpe et al. [115] (with

typical length scale).

Sharpe et al. [115] [84] depicted in Fig. 2.10. This technique was origi-
nally designed to allow very accurate measurement of the Young’s mo-
dulus. Microfabrication is used to pattern the specimen in a dogbone
shape. The specimen is around 600µm-wide, a few millimetres long and
a few micrometres thick. The substrate is a silicon wafer and bulk mi-
cromachining allows to etch a window underneath the specimen. The
silicon frame with the specimen is then mounted on the testing stage,
gripped at both ends and glued. One of the grips is fixed while the other
is attached to a load cell mounted on a piezoelectric actuator. Before
tensile testing, the two narrow sides of the silicon frame are cut with
a rotary tool to free the specimen from the frame. During testing, the
load is measured via the load cell which has a resolution of 5 mN and
a load range of 4.5 N. Strain is measured on the tensile specimen by
laser-based interferometry as reflective gold strips are patterned on the
surface of the specimen. These strips form interference fringes when illu-
minated with a laser. The fringes motion enables real time extraction
of the strain with a resolution of 5 microstrain.

Gianola et al. [48] used the same technique as Sharpe et al. with a dif-
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Figure 2.11: Tensile test developed by Legros et al. [87] for in situ

TEM investigation (with typical length scale).

ferent method for strain measurement. The displacement was measured
directly at the specimen grips with a capacitance gage or via an optical
extensometre. Al films thinner than a few hundreds of nanometres were
tested this way [47] and the probing of similar specimens confirmed the
repeatability of the technique. DIC was used to track the evolution of
deformation past tensile instabilities such as plastic localisation.

In Legros et al. [87], a set-up similar to Sharpe et al. is used for TEM
investigation (Fig. 2.11). The specimens are shaped as rectangular strips
1 mm-wide and 3 mm-long. The silicon frame is glued onto a deformable
copper grid. The copper grid is then stretched within a TEM. Deforma-
tion is thus transferred to the specimen and the deformation mechanisms
can be observed in situ. The technique does not allow the measurement
of stress and strain within the specimen as the focus is put on qualitative
observations. This technique allowed to underline stress-assisted grain
growth as a deformation mechanism in pure Al films.

Another tensile testing technique, developed by Tsuchiya et al. [122]
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Figure 2.12: Tensile test with electrostatic gripping developed by

Tsuchiya et al. [122] (with typical length scale).

[121] [120], uses an electrostatic force gripping system to load the film.
The thin film specimen is a beam fixed at one end to the silicon substrate
and with a large pad at the other end (Fig. 2.12). The specimen dimen-
sions in the gauge region are on the order of 100 to 500µm for the length,
20 to 50µm for the width and 100 nm to several micrometers for the thi-
ckness. For tensile testing of the cantilever beam, a probe is brought
into contact with the free end pad. An electrostatic attractive force is
generated between the two surfaces by applying a voltage. Electrostatic
forces being weak compared to mechanical forces, the dimensions of the
specimen are chosen so that the force in the gauge region never exceeds
the one in the gripping system. Tensile testing is achieved by piezoe-
lectric actuation of the probe along the axis of the specimen. Force is
measured using a load cell with a range of 1 N. Two gold gauge marks
on the specimen allow direct strain measurement by means of optical
microscopy. This technique allowed to capture the stress-strain curve
from small deformation until fracture for monocrytalline Si, polysilicon
as well as Ti and Ni films [120].

As electrostatic gripping is limited to conductive materials and imposes
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constraints on the specimen design, Chasiotis and Knauss [11] developed
a testing procedure a little different from Tsuchiya et al. Electrostatic
forces are used to stick the specimen pad to the substrate while a probe
with an adhesive layer is fixed to it. This enables to prevent any mo-
vement of the specimen during attachment allowing better alignment
between probe and specimen. Curing of the adhesive layer with UV
light is performed before the electrostatic force is reversed to release the
specimen from the substrate. Tensile testing occurs then in a similar
manner to Tsuchiya et al. except from the strain measurement which is
performed through atomic force microscopy (AFM) and DIC.

The membrane deflection experiment (MDE) developed by Espinosa and
co-workers [35] [36] [102] is an original technique to generate a uniaxial
tensile loading (Fig. 2.13). The specimen is shaped in a double dogbone
with both ends fixed and with a wider area in the centre where a line-load
is applied. This geometry aims at minimising the stress concentration
where the loading device contacts the freestanding specimen. Microfa-
brication techniques are used to pattern the specimen and to create an
opening beneath the membrane. A nanoindenter is used to provide a
line-load at the centre of the wider area to achieve specimen stretching.
This results in direct tension in the gauge region of both dogbones. The
load-displacement curve from the nanoindenter gives access to the force
in the specimen while an interferometer focussed on the bottom side of
the specimen allows to extract independently the deflection in the spe-
cimen gauge region. MDE has been used to test films thinner than 1µm
of both elastic-brittle and elastic–plastic materials [102].

Standard microfabrication techniques are not the only way to produce
specimens. Similarly to the fabrication of micropillars for compression
testing (see Section 2.1.3), Kiener et al. [77] patterned needle-like single
crystal rods by FIB. Sample preparation is time consuming but it allows
accurate control of the shape of the final specimen. After FIB cutting,
the specimen is directly placed in a SEM chamber for tensile testing.
Actuation is performed with a gripper adapted to the specimen shape
(Fig. 2.14). The gripper is itself connected to a microindenter capable
of forward and reverse loading. The load-displacement behaviour is sub-
jected to noise at the beginning of the tensile test due to the initial poor
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Figure 2.13: Membrane deflection technique developed by Espinosa

et al. [35] (with typical length scale).

contact between the specimen and the gripper. A major advantage of
this in situ technique lies in the highly precise alignment between ac-
tuator and specimen. This technique was used to test single-crystal Cu
specimens.

One of the major difficulties in the techniques cited above is the connec-
tion between micromachined specimens and external loading devices.
Microelectromechanical systems (MEMS) can be advantageously used
to circumvent theses difficulties as actuators and strain sensors can be
directly integrated on the wafer. A MEMS-based testing approach was
developed by Saif et al. [59] [56] [57]. The set-up is a single crystal
silicon frame (Fig. 2.15). One end of the structure is attached to a pie-
zoelectric actuator and the other end is fixed. The specimen is deposited
during the fabrication process with one end connected to a fixed-fixed
beam with known spring constant that acts as a load sensor. The other
end of the specimen beam is connected to the actuator via a suppor-
ting beam structure. The innovation lies in the fact that the supporting
beam structure is designed to convert any non-uniaxial load into direct
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Figure 2.14: FIB milled specimen tested by the technique developed

by Dehm et al. [77] (with typical length scale).

tensile load on the specimen. This solves the difficult issue of loading
device-specimen alignment. The set-up can be integrated in a SEM or
TEM and the displacement is read directly from cursors located next to
the specimen. Al film with thickness down to 50 nm have been tested so
far [111].

Another MEMS-based approach is the one developed by Espinosa et
al. [105] [33]. The technique relies on two types of actuators: electro-
static (comb drive) and electrothermal actuators. The former is force
controlled and is suitable for the testing of compliant specimens whereas
the latter is displacement controlled which is suitable for stiff specimens.
Electrothermal actuation is based on the thermal expansion of freestan-
ding beams when subjected to Joule heating, as sketched in Fig. 2.16.
Both types of actuators are made during the microfabrication process.
The load is measured owing to differential capacitive sensors also built
during the fabrication process. Microscopy is thus dedicated to the ob-
servation of local deformations on the specimen. The small size of the
MEMS device allows in situ observation within a SEM chamber or TEM



2.2. Freestanding thin films 31

Piezoactuator

Supporting beams
Load sensor

500 µm

Figure 2.15: MEMS-based tensile testing stage developed by Saif et

al. [59] (with typical length scale).

holder. Polysilicon specimens have been co-fabricated during the device
microfabrication process although the technique allows mounting of na-
nostructured specimens such as nanowires and nanotubes by means of
a nanomanipulator.

Finally, one recent technique developed at Sandia National Laboratories
consists in a suite of test structures electrostatically actuated [21] [20].
Test structures are fabricated simultaneously on the test chip and have
three different configurations: cantilever beams, fixed–fixed beams and
notched fixed–fixed beams (Fig. 2.17). Each structure can be actuated
electrostatically by applying a voltage between the structures and the
underlying electrodes. Whereas the two first designs can give informa-
tion about the Young’s modulus and the internal stress of the tested
material, the third one allows an increase of the stress in the notched
region giving access to the inelastic properties of the layer material. In-
terferometry is used to measure the deflection as a function of the applied
voltage. Modelling is performed to determine the strain field in the not-
ched region corresponding to the measured deflection [21]. One of the
advantage of the electrostatic actuation is that cyclic loading is possible
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Figure 2.17: Notched specimens with electrostatic actuation develo-

ped by de Boer et al. [21] as part of a suite of test structures (with

typical length scale).
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which enables fatigue testing. Monotonic as well as fatigue loading have
been performed with this technique on AlCu(0.5%) films [20].

2.3 Conclusion

This chapter presented the wide variety of techniques developed to mea-
sure the mechanical properties of thin films. The output of these devices
ranges from single data like the internal stress and the Young’s modu-
lus to the full stress-strain behaviour. All the techniques differ by the
actuation mean, the gripping system, the force and/or displacement sen-
sors. There is no "Holy Graal" method and generally, there is a trade
off between the complexity of the device and the number and accuracy
of results. So there is room for other routes to investigate the mechani-
cal properties of thin films. In this thesis, a new, simple and versatile
on-chip tensile testing technique is proposed. It will be extensively des-
cribed in Part II.





Chapter 3

Mechanical behaviour of Al thin

films

A wide variety of materials is being used as thin films in microelectronics,
MEMS technology as well as in thin coatings deposited on metallic, glass,
ceramic and polymer substrates. They range from pure elements like Al
and Cu to complex alloys. As this work is focussed on the extraction
of the mechanical properties of Al and Al alloys, the first section of
this chapter (Section 3.1) aims at reviewing the reported mechanical
properties of Al thin films. The second section (Section 3.2) discusses
the observed trends and gathers some of the experimental evidences
about the deformation mechanisms in Al films.

3.1 Overview of mechanical properties of thin Al

films

Looking through the literature, mechanical properties of Al films differ a
lot from reference to reference. This can come from one or a combination
of the following aspects:

• Deposition of a few micrometres down to a few nanometres of Al
can be performed by different methods. Evaporation and sputte-

35
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ring (physical vapour deposition) are among the most used tech-
nique for Al thin film deposition. Molecular beam epitaxy can
be used as well and each method results in different microstruc-
tures. Moreover, the deposition conditions (deposition rate, sub-
strate temperature, pressure, etc.) can be tuned to monitor the
final microstructure.

• The purity of the Al target is of primary importance. If 99.99%
pure Al target is often used, 99.999% is also met. The level of
impurites can greatly influence the mechanical properties [71].

• Each author, depending on the testing technique, uses a particular
substrate and, in some cases, the deposition of an adhesive layer
can be necessary. The material on which Al is deposited can in-
fluence the growth of the film and thus its final microstructure and
properties.

• Post-deposition conditions can alter the microstructure. Usually
testing of Al thin films is not performed on the as-deposited film
but on the film which underwent all subsequent process steps. In-
deed, specimen microfabrication is sometimes part of a well esta-
blished standard process which can involve further deposition steps
on top of the Al films or annealing procedures. These steps can
affect the surface of the Al film as well its microstructure which in
turns modifies its mechanical properties.

• Other elements are often added to pure Al to avoid phenomena
like spiking1 or electromigration2. Si and Cu are respectively used
for that purpose but other elements can be added in different pro-
portions resulting in a wide variety of Al alloys with varying pro-
perties.

• Testing of the same film with different techniques can result in
substantial differences. Differences in deformation mode (e.g. uni-
form vs gradient deformation [56]), strain rate, temperature can

1Non-uniform interdiffusion of Si into Al at the interface between Al and Si
2Transport of material caused by the movement of electrons or ions
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indeed affect the extracted data. Moreover, different properties
can arise just by comparing freestanding thin films and thin films
on substrate or embedded between other layers.

Table 3.1 lists some of the mechanical properties of Al thin films given
in the literature.
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Materials and experimental conditions
Thickness

[µm]
Grain size

[ nm]
E [GPa]

Yield
strength
[MPa]

Maximum
strain [%]

Strain rate
[s−1]

Sputtered Al, bulge testing [107]
1.0 ' 1000 73± 3 - - -
1.4 ' 1400 67± 2 - - -

Sputtered Al 99.9%, wafer curvature
thermal cycling [29]

2.0 1000±200 - ∼200 - -
1.0 560±70 - ∼300 - -
0.6 540±70 - ∼450 - -
0.4 430±80 - ∼600 - -
0.2 320±90 - >600 - -
0.1 140±10 - >600 - -
0.05 200±10 - >600 - -

Evaporated Al 99.999%, micro tensile
test on freestanding film [106]

1 ∼300 ∼30 94±10 22.5
3.0 10−4 to

6.0 10−4

Sputtered AlCu(0.5%), suite of test
structures (cantilever and notched
specimens) [20]

0.43<h<0.65 ∼1750 74.4±2.8 >172 ∼4 -

Sputtered Al 99.99%, tensile testing
on polyimide strips [75]

0.48 85 - ∼150 6 1.0 10−3

0.24 80 - ∼200 6 1.0 10−3

0.12 65 - ∼220 6 1.0 10−3

0.06 45 - ∼370 6 1.0 10−3

Al, membrane deflection
technique [36]

1 - 65-70 205 ∼7 ∼ 1 10−5

0.2 - 65-70 375 ∼0.4 ∼ 1 10−5

Sputtered Al 99.99%, tensile testing
with MEMS device [58] [60]

.485 212 - ∼450 ∼3 -
.2 80 - ∼525 ∼2 -
.15 65 - ∼600 ∼2 -
.1 50 69.6 ∼750 ∼1.5 -
.05 22.5 62 ∼550 ∼2 -
.03 11.1 60.2 325 ∼0.6 -

Table 3.1: Mechanical properties of Al thin films through the literature.
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The following paragraphs of this section aim at underlining the diffe-
rences and similarities between bulk and thin film Al.

The Young’s modulus of Al films is very similar to the one of bulk Al
(69 GPa). It is not surprising as the Young’s modulus is a property lin-
ked to the force of atomic bonds. No size effect is thus expected as the
small dimensions encountered in thin films are still far larger than the
atomic length scale. However, Haque and Saif [58] report for a lower
Young’s modulus for Al films with grain size smaller than 50 nm. This
was attributed to the increase volume fraction of the grain boundary
atoms with grain size reduction. The disorder in these grain boun-
dary atoms are then responsible for the lower stiffness. But generally
speaking, a lower Young’s modulus of thin films with respect to bulk
materials can be due to porosity. Thin film deposition techniques are
indeed more prone to higher porosity than conventional bulk methods
which is known to be detrimental to mechanical properties like stiffness
but also yield strength [112] [137]. In addition, surface effects can play a
role in the case of films thinner than 50 nm and can affect the measured
Young’s modulus.

The yield strength of pure polycrystalline Al is around 40-70 MPa. Table
3.1 reports higher values which seem to be dependent on the thickness
and grain size. The dependence of the yield stress on the grain size
is well established in bulk polycrystalline metals as stated by the Hall-
Petch relationship (Eq. 3.1).

σy = σ0 + kd−1/2, (3.1)

where σy is the yield stress, σ0 is the lattice friction stress required to
move individual dislocations, k is a constant and d is the grain size. This
increase in yield strength with decreasing grain size comes from the fact
that grain boundaries act as barriers against dislocation motion. Howe-
ver, the Hall-Petch equation is not sufficient to explain the increase of
the yield strength and the limited numbers of grains along the thickness
could contribute to the overall increase. Moreover, a reversed Hall-
Petch effect has been observed for some experiments on nanocrystalline
Al films [58]. The increased yield strength of Al films is encountered in
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many other metallic materials and is at the origin of the famous "smal-

ler is stronger" cited in a high number of publications dealing with thin
films.

Bulk Al is known to be very ductile reaching uniform strain as high as
60%. Although all testing methods do not allow imposing such large
strains, plastic localisation and fracture of Al thin films occur after a
few percent of elongation only. This low ductility is a general trend in
thin film materials and originates partly from imperfections which are
inherent to thin film deposition methods and partly from a limited work
hardening capacity [82].

Concerning the time dependent response, Al must receive special at-
tention due to its low melting temperature (660 ◦C or 933 K). Indeed,
creep phenomena are associated to thermally activated mechanisms like
power-law creep (dislocation climb creep) and Nabarro-Herring-Coble
creep (diffusional creep) [24]. Diffusional creep becomes important when
the temperature is higher than 40% of the melting temperature which
is not far from room temperature in the case of Al. In the work of de
Boer et al. [20], room temperature experiments on loaded AlCu(0.5%)
sputtered films did not detect creep after three hours at room tempera-
ture. Haque and Saif [59] [58] noticed the same lack of time dependent
response on Al 99.99% films at room temperature. However, as their
experiments were conducted in situ in a SEM, they noticed that, when
exposed directly to the electron beam, creep deformation was occurring.
This was attributed to the beam heating which provides the extra energy
needed to activate creep.

3.2 Overview of deformation mechanisms in thin Al

films

In this section, the microstructural features encountered in deformed
thin Al films are reviewed in order to identify the underlying deformation
mechanisms.

Wafer curvature thermal cycling in TEM was used by Dehm and co-
workers [23] on Al epitaxial and polycrystalline films to understand the
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higher yield strength occurring in thin films. Epitaxial films have no
grain boundaries which allows to investigate the impact of the thickness
on the yield strength alone. Film-substrate interface (Al-αAl2O3 here)
was observed to act as a source for dislocations. Relaxation of the stress
occurred by glide of these dislocations through the thin film. While
gliding, dislocations segments are left at the interface. The measured
yield strength3 matches the prediction of Nix-Freund model [96]. In the
case of Al polycrystalline films, the microstructure is totally different
from epitaxial films as the films have now grain boundaries. Usually,
polycrystalline Al films have a columnar grain structure with a grain
size on the order of the film thickness and with grain boundaries per-
pendicular to the film surface (see Fig. 3.1). The tensile flow stress
of polycrystalline Al thin films is found to be significantly larger than
the epitaxial film for equivalent thickness. This is a consequence of the
additional constraints imposed by grain boundaries. No emission of dis-
location from film-substrate interface was detected this time but grain
boundaries were found to absorb and emit dislocations. Yield strength
still increases linearly with the inverse of the thickness for film thickness
between 2µm and 400 nm. A constant yield strength is reached for thin-
ner films. Although the reason for this plateau is not well understood,
plasticity at room temperature induced by thermal straining is observed
to be dislocations mediated. On the contrary, diffusional processes do-
minate at the highest temperature. It must be noted that the grain size
is not measured in this study. It probably scales with the thickness but
the strengthening coming from grain boundaries cannot be isolated.

The increase in yield strength can result either from a decreasing grain
size (Hall-Petch) or from a decreasing thickness (Nix-Freund model). In
order to decorrelate these two contributions, Venkatraman et al. [128]
[129] performed wafer curvature thermal cycling by successively remo-
ving an intentionally grown oxide on Al films. This enables to keep the
grain size constant while modifying the thickness. The separation of
the two strengthening components is done by considering that the flow
stress σy is the sum of two components:

3The yield strength is taken at 40 ◦C after one thermal cycle.
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Al

Si 500 nm

Figure 3.1: Bright-field TEM image of an Al film on a Si substrate.

Grains have a columnar shape with one grain over the thickness.

σy = σy,thick + σy,gb, (3.2)

where σy,thick is the stress required to bow a dislocation pinned at the
top and bottom surface of the film and σy,gb is the grain boundary
strengthening component. σy,thick is expected to be proportional to 1/h

(h being the current thickness of the film) while σy,gb should remain
constant for one deposited film as the grain size remains constant. The
experiments confirmed the 1/h dependence of the thickness strengthe-
ning component4 for thickness above 250 nm. Linearity of the plot of
stress versus 1/h was not conserved for low values of film thickness as
thermal straining was not sufficient to reach the high yield strength rea-
ched in these thinner films. Experiments on films with different initial
thicknesses (different grain sizes) did not match the 1/d1/2 dependence
of the yield strength predicted by the Hall-Petch relationship (Eq. 3.1).
Instead, the data were more consistent with a 1/d dependence. In situ
TEM experiments showed that deformation occurred by nucleation of

4The yield strength is taken at 60 ◦C after one thermal cycle.
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dislocation loops on {111} planes [128].

Venkatraman et al. [128] also investigated the effect of a passivation
layer on top of the Al film. A passivation layer can generally affect
the properties of a metallic thin film by preventing dislocations from
escaping out of the film. They noticed that thermal cycling experiment
on Al film with a passivation layer did not reveal any change in the
achieved stress levels. The native oxide is thus believed to act in the
same way as the passivation layer.

In addition to pure Al testing, Venkatraman et al. [128] investigated the
effect of the addition of 0.5% of Cu to the Al. Although the excess Cu
formed CuAl2 precipitates at grain boundaries, no significant hardening
mechanism coming from precipitation was recorded. This was attribu-
ted to the fact that CuAl2 precipitates occur in large plate-like form.
And as the volume fraction of precipitates was low, a large fraction of
grain boundary was free from precipitates. The effect is thus expected
to be relatively limited. Using the same Al alloy, Proost et al. [104]
performed isothermal stress relaxation between 50 ◦C and 175 ◦C. At
these temperatures, relaxation occurred by dislocation glide. Proost et
al. were able to determine the activation energy required for the dislo-
cation to overcome the obstacles (∆F ) and the athermal flow stress (τ).
The values found for these parameters were significantly higher than the
ones reported for pure Al. This was attributed to an Orowan strengthe-
ning mechanism as TEM investigation revealed bowing of dislocations
around CuAl2 precipitates. The different behaviour of the Al-Cu alloy in
Venkatraman et al. [128] and Proost et al. [104] comes from the stronger
dispersion of precipitates in the latter case.

Another widespread Al alloy (AlCu(0.5%)Si(1%)) was tested by Kaouache
et al. [76]. TEM investigation did not reveal any CuAl2 precipitate
but the silicon was found to form intragranular precipitates in the as-
deposited form. These Si precipitates serve as anchoring points to dislo-
cations in thermal cycling experiments. However, this anchoring effect
is limited because ripening of Si precipitates occurs which lowers their
number and increases their size. As a result, dislocation motion is hin-
dered by only a few obstacles and dislocation densities are comparable
to pure Al films. Again, the density of obstacles to dislocation motion
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plays a major role on the strengthening as Flinn et al. [41] and Bader
et al. [4] demonstrated that the addition of Cu to an AlSi alloy could
increase the plastic flow stress. Data can indeed differ a lot in the li-
terature only by considering the difference in thermal treatment before
testing.

Other types of experiments than thermal cycling have to be taken into
account to identify the deformation mechanisms in Al films. A first rea-
son lies in the fact that other techniques enable constant temperature
testing. Another reason is that thermal straining does not allow to reach
high deformations. In order to be able to capture post yielding behaviour
of Al at room temperature, Kang et al. [75] performed tensile tests on Al
deposited on polyimide strips. The film thickness ranged between 60 nm
and 480 nm. The stress begins to increase linearly and then paraboli-
cally with strain except in the case of the 60 nm-thick film (Fig. 3.2a).
The strain hardening rate is very small. Although dislocation activity
was rarely observed during deformation, the TEM observations on the
deformed samples revealed networks of dislocations in some large grains
as can be seen in Fig. 3.2b. In materials with high stacking fault energy
like Al, climb and cross-slip is relatively easy. These mechanisms are
responsible for the creation of the network of dislocations which form
low-angle grain boundaries separating dislocation-free sub-grains. This
has the effect to facilitate the nucleation of additional dislocations that
are needed to further strain the material. This phenomenon is called
dynamic recovery and lowers the strain hardening rate.

Similarly to Venkatraman et al. [129], Kang tried to separate the dif-
ferent contributions to the strengthening. The analysis was performed
on the tensile strength instead of the yield strength. The strengthening
from the thickness showed 1/h linear dependence as previously reported
whereas the grain boundary strengthening was found to follow Hall-
Petch type dependency (1/d1/2). These observations are in agreement
with TEM observations which show evidence of dislocations based me-
chanisms. However a decrease of the Hall-Petch slope in smaller grains
could originate from non-dislocation type mechanisms such as diffusional
creep, grain boundary sliding or grain growth.

The presence of a substrate or a passivation layer can induce significant
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Figure 3.2: Results extracted from tensile testing on Al thin films

[75]: (a) stress-strain curves from different thicknesses and (b)

bright field TEM micrograph of a 120 nm-thick Al film after 2%

strain showing networks of dislocations forming low angle grain

boundaries within the centre grain.



46 Chapter 3. Mechanical behaviour of Al thin films

constraints on the deformation behaviour of the tested films. Testing
of freestanding films is thus performed to get rid of this constraints. de
Boer et al. [20] tested AlCu(0.5%) films with their electrostatically ac-
tuated technique described in Section 2.2. The yield strength reached in
these freestanding thin films was similar to the yield strength obtained
from the simple model of Venkatraman et al. [129]. TEM analysis confir-
med that plasticity was dominated by dislocation interaction within the
grains. Dislocation density was found to be higher in the regions of the
specimen experiencing higher deformation (notched region).

In all the experiments reported above, plasticity of Al films seems to be
dislocation mediated. Obstacles to dislocation motion are grain bounda-
ries, other dislocations and surfaces of the film (native oxide, passivation
layer or substrate). The mechanisms are thus similar to the mechanisms
encountered in bulk Al and the differences in mechanical properties come
from the reduced grain sizes and the constraints imposed by the small
thickness of films. However, when the grain size reaches the nanometre
scale, the dislocation mechanisms governing work hardening in conven-
tional materials are no longer geometrically possible. Other types of
mechanisms should arise and could explain the deviation from classical
Hall-Petch relationship in nano-grained films. Several molecular dyna-
mics simulations [125] [38] suggest that although dislocation-mediated
plasticity is always present in nanocrystalline materials, stress-assisted
grain boundary deformation is more likely to occur.

To explore the behaviour of grain boundaries in nanocrystalline Al films,
Jin et al. [73] [72] [93] performed in situ nanoindentation in a TEM at
room temperature. The testing conditions were such that grain size was
similar to or smaller than the contact area of the indenter (grain size
between 100 nm and 500 nm). By indenting on the grain boundary bet-
ween two grains, deformation occurred by elastic deformation followed
by dislocation nucleation and dislocation multiplication. After this first
stage of dislocation mediated plasticity, the grain boundary between the
the two grains moved. The larger grains expanded as the smaller one
shrank resulting in one final larger grain (Fig. 3.3). The same experi-
ments on nano-grained films (20 nm) revealed similar phenomenon with
grain growth starting almost immediately after the onset of the inden-
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Figure 3.3: TEM bright-field image (a) before indentation and (b)

after indentation [73]. The larger grain grew by eliminating the

smaller grain.

tation process.

Although the in situ indentation experiment showed evidence of grain
growth deformation mechanism, it cannot confirm whether this pheno-
menon happens in thin films. For this particular experiment, the sample
is indeed thin in the thickness and in the direction of the electron beam.
This has the important consequence that indentation stresses can be re-
lieved by deformation perpendicular to the indenter, a mechanism that
is not available in conventional films.

In situ TEM tensile testing of freestanding Al films was thus performed
and pointed out for a similar mechanism. The experiments were perfor-
med by Gianola et al. [48] using a set-up similar to the one described
in Fig. 2.10 and by Legros et al. [87] using the set-up of Fig. 2.11. In
both experiments, discontinuous grain growth was observed at the tip
of growing cracks (pre-existing crack in Legros et al.) and not in the
other regions of the specimen. This indicates also the importance of the
applied stress configuration in triggering grain growth. During loading,
some grains with favorably oriented boundaries (grain size between 40
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Figure 3.4: TEM bright-field image showing grain growth by reo-

rientation and coalescence [87].

and 90 nm) grow first until reaching a critical size (200 to 400 nm) while
the others maintain their initial dimensions. Upon further loading, an
increased number of grains grow but the size of the larger grains remains
constant. Growth was also found to occur by re-orientation and coales-
cence of grains with similar orientation (Fig. 3.4). Prior to deformation
the microstructure was dislocation-free but as grain growth proceeded,
dislocation activity increased in the larger grains (larger than 100 nm)
leading to the formation of cells and subgrains. In Legros et al. [87],
grain growth was observed to occur at very different strain rates (from
0.1 nm s−1 to 200 nm s−1) suggesting different mechanisms. Additio-
nal experiments on freestanding Al films with geometric concentrators
indicated that grain growth scaled with the shear stresses [109].

Grain growth has a direct effect on the macroscopic mechanical pro-
perties as ductility is enhanced and the strength is reduced compared
to samples for which no grain growth is observed. Strain as high as
23% was reached for a 380 nm-thick pure Al films with initial grain size
of 90 nm. This is one order of magnitude higher than the data repor-
ted on standard nanocrystalline materials. In the work of Haque and
Saif [59] [56], tensile testing of freestanding Al films in TEM with de-
dicated MEMS-based set-up (Fig. 2.15) did not show any occurrence of
grain growth. The films tested had grain sizes similar to the work of
Gianola et al. and Legros et al. but showed limited ductility. Ductile
fracture occurred by void growth and coalescence at a strain smaller than
2% [55]. The absence of grain growth in Al films tested by Haque and
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Figure 3.5: Room temperature tensile stress–strain curves for three

Al films deposited at varying chamber pressure showing two distinct

classes of mechanical behaviour [47].

Saif could originate from the purity of tested films. Gianola et al. [47]
investigated the effect of purity by testing pure Al films deposited at va-
rying chamber pressure, lower pressure resulting in less impurities and
thus less pinning points for grain boundaries. They observed that only
films deposited with base pressure under 10−6 mbar showed occurrence
of grain growth and extended plasticity (Fig. 3.5).

The observations made in this section suggest that classical dislocation
plasticity occurs in Al films when the grain size is larger than 100 nm.
The strengthening with respect to bulk Al comes from the small grain
size and the small thickness. The presence of a substrate, of the native
oxide or of any passivation layer adds a constraint on the dislocation mo-
tion which strengthen the film. When the grain size falls below 100 nm
stress assisted discontinuous grain growth occurs and dislocation mecha-
nism proceed as soon as a critical size is reached and if pure enough.
This grain growth mechanism enhances the ductility of Al films. The



50 Chapter 3. Mechanical behaviour of Al thin films

addition of small amount of alloying elements to Al was found to create
precipitates which can strengthen the Al by acting as obstacles to dis-
location motion. However, the size and number of these precipitates is
highly dependent on the thermo-mechanical history of the thin Al film.
The deformation mechanisms in Al films are thus strongly dependent
on the microstructure and can result in very different behaviours. This
should be taken into account when comparing data from different au-
thors.
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Chapter 4

Self actuated micro-tensile stage

In this chapter, the novel concept used in this work for extraction of the
mechanical properties of thin films is presented. The chapter is divided
in three sections1. The first one (4.1) describes briefly the basic ideas of
the new technique. The second section (4.2) details the mechanics ruling
the test structures. Finally, the third section (4.3) aims at providing
the design requirements of the new concept in order to ensure accurate
extraction of mechanical properties.

4.1 Concept

The new concept of micro- or nanomechanical test used throughout this
work aims at measuring the mechanical properties of submicrometer
films. The goal is to create a tensile testing technique which can easily
be adapted to testing of any kind of thin film material. The technique
must be able to extract the stress-strain behaviour from small elastic
strain to large plastic strain. This concept differs from most of the
techniques presented in (Section 2.2) through essentially two aspects:

1This chapter borrows a lot from the reference Gravier et al. [50] though extending

several aspects.

53
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1. The first idea is to use the internal stress present in one material,
referred later as the "actuator", to impose the load to another film
while avoiding any external loading and electrical signal.

2. The second idea is to take benefit of one of the greatest advantages
of microfabrication technology which is the capacity for easily re-
producing large numbers of elementary patterns, and thus multi-
plying elementary testing stages rather than building a complex
multipurpose stage. Owing to this concept, thousands of elemen-
tary testing stages can be processed on a single silicon wafer with
the potential to replicate suites of tests structures at multiple lo-
cations on the wafer, in the same vein as the approach by de Boer
et al. [21] [20].

A single structure is called a "micromachine" and involves three thin
layers deposited on top of a thick substrate as depicted in Fig. 4.1. The
first layer is called "sacrificial layer" and is deposited over the entire sur-
face area of the substrate with no patterning (Fig. 4.1b). The second
layer is called "actuator layer" and provides the actuation force coming
from the high tensile internal stress generated inside the layer during
deposition. This layer is patterned following the design rules of Sec-
tion 4.3 (Fig. 4.1c). Finally, the third layer called "specimen layer" is
the film material to be tested. This layer is also patterned following the
design rules of Section 4.3 (Fig. 4.1d). The sacrificial layer located un-
derneath the actuator and specimen beams is etched away in a specific
removal solution (Fig. 4.1e). This enables the release of internal stresses
inside the actuator layer. The specimen beam being attached to the
actuator beam, it is strained owing to the contraction of the actuator
beam. The resulting freestanding structure reaches a stable position go-
verned by force equilibrium. Knowing the displacement of the system
actuator-specimen, direct application of force equilibrium (Section 4.2)
gives access to the strain and stress in the specimen beam assuming that
the actuator deforms elastically.

Different states of stress can be generated from small strain elastic be-
haviour up to fracture of the specimen beam by modifying the geometry
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Figure 4.1: Concept of a self actuated tensile testing stage. Starting

from a bare substrate, the fabrication involves the deposition of 3

layers: the sacrificial layer (Fig. 4.1b), the actuator layer (Fig. 4.1c)

and the specimen layer (Fig. 4.1d). The etching of the sacrificial

layer under the test structure releases the stress in the actuator beam

which then contracts and pulls on the specimen beam (Fig. 4.1e).
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of the beams. Microfabrication techniques are thus used to process a
large number of those micromachines at the same time.

Up to now, four different generations of test structures have been desi-
gned. Even though each new generation took advantage of the learnings
from the former one regarding the design rules and accuracy of the mea-
surement, the focus was different for each generation.

• Generation 1 was used as a proof of concept and was motivated
by the writing of a patent.

• Generation 2 aimed at testing different loading configurations such
as shear, biaxial and compression, though in a qualitative way.

• Generation 3 focussed on uniaxial tensile loading. Design require-
ments were analysed in detail to ensure sufficiently accurate stress
and strain determination [50].

• Generation 4 reproduced design of generation 3 with specific struc-
tures for brittle materials analysis as well as structures aiming at
measuring the influence of stress on electrical properties.

In this work, almost all the results on pure Al and on Al alloys were
obtained using generations 3 and 4.

4.2 Mechanical analysis of an ideal test structure

This section aims at analysing the mechanics of a single micromachine in
order to determine the relationship that allows extraction of the strain
and stress inside the specimen beam. Section 4.2.1 focusses on the be-
haviour of the actuator beam whereas Section 4.2.2 leads to the deter-
mination of the equations ruling the behaviour of the specimen beam.

4.2.1 The case of the actuator beam

Let us first consider the case of a single actuator beam before release
(Fig. 4.2a). The actuator is undergoing large tensile internal stress which
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can be represented by a force F0 pulling on the actuator beam. After
etching of the sacrificial layer, the freestanding beam can contract. If the
actuator is free (not connected to anything), it contracts by an amount
ufree (Fig. 4.2b). If the same actuator is not free but is connected to
a specimen beam that prevents the actuator from fully relaxing, the
actuator is subjected to a force F and it contracts by an amount u

smaller than ufree (Fig. 4.2c). The displacements u and ufree are defined
as positive when the actuator contracts during release2.

As shown hereafter (Eq. 4.5), the displacements u and ufree can be
directly related to the force F , the actuator geometry, and the material
properties of the system. Hence, the actuator beam plays also the role
of a load sensor. As stated later in Section 5.3, the selected material
used throughout this work for the actuator beams is LPCVD silicon
nitride. It is a stiff, brittle material which deforms in a linear elastic way
and which can be deposited with large tensile internal stresses (around
1 GPa). The characteristic dimensions and properties of the actuator
beam are the following:

εmis
a mismatch strain in the actuator resulting from

the deposition and subsequent fabrication steps;

σa, εa and εmech
a true stress, total, and mechanical strains in the

actuator beam after release, respectively;

Ea and νa Young’s modulus and Poisson ratio of the actua-
tor material, respectively;

La0 and Lfree
a0 actuator lengths at the test temperature before

chemical release of a constrained and a free ac-
tuator beam, respectively;

u and ufree displacement between current (after release) and
initial (before release) position in a constrained
and a free actuator beam, respectively;

Sa and Sa0 current (after release) and initial (before release)
cross-sectional areas of the actuator beam, res-
pectively.

2In some micromachines, probably poorly designed, strong specimens with large

internal stress could lead after release to a slight elongation of the actuator (u < 0).
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Figure 4.2: Configurations that an actuator beam deposited on top

of a sacrificial layer can take: (a) actuator beam is not yet released,

(b) actuator beam is free to contract after the release, (c) actuator

beam is constrained by a force F smaller than F0, the initial force

(e.g., by being attached to the specimen beam).
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The total strain inside the actuator is the sum of the mechanical strain
and the mismatch strain, i.e.,

εa = εmech
a + εmis

a . (4.1)

The total strain inside the actuator beam is given by

εa = ln
(

La0 − u

La0

)

. (4.2)

Throughout this work the maximum strain that can be reached in an
actuator beam is around 0.3%. The small strain assumption can be
made3 and Eq. 4.2 becomes

εa = − u

La0
. (4.3)

The linear elastic behaviour of the actuator leads to

σa = Eaεmech
a . (4.4)

In the case of a free actuator, the stress is equal to zero and εmech
a = 0,

consequently, εmis
a = ln

(

Lfree
a0

−ufree

Lfree
a0

)

∼= − ufree

Lfree
a0

. The release of a free

actuator provides thus the value of the mismatch strain. Other methods
reviewed later in Section 6.3 can also be used to estimate εmis

a .

For the constrained actuator of Fig. 4.2c, the load F is obtained from
Eq. 4.4 as

F = SaEaεmech
a

= SaEa

(−u

La0
− −ufree

La0

)

=
SaEa

La0
(ufree − u) , (4.5)

3This assumption comes from the fact that ln(1 + x) ∼= x for small x.
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where the last equality shows that the force can be estimated only
through the measurement of u and ufree.

The positions that the actuator can reach in a force-displacement dia-
gram is a straight line (Fig. 4.3). The intersection with the horizontal
axis corresponds to the free actuator (maximum displacement). The
intersection with the vertical axis gives the force in the actuator before
release of the sacrificial layer (maximum force). A longer actuator, ha-
ving the same width, gives the same intersection with the vertical axis
(internal stress, i.e. force divided by actuator cross-section, is the same
for all actuators). The intersection with the horizontal axis is moved
towards larger displacements.

F

u

L

L  > L

a1

a2 a1

ufree2ufree1

F0

Figure 4.3: Force-displacement relationship for an actuator of

length La1 (blue) and La2 (red).

As the strain in the actuator beam is always small, the variation of the
cross-sectional area can be neglected and Sa v Sa0.

4.2.2 The case of the specimen beam

In every micromachine, the load F is induced by the presence of a speci-
men beam attached to the actuator beam. The characteristic dimensions
and properties of the specimen beam are the following:
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εmis mismatch strain of the specimen resulting from the
deposition and subsequent fabrication steps;

σ, ε and εmech stress, total, and mechanical strains in the speci-
men beam after release, respectively;

E and ν Young’s modulus and Poisson ratio of the specimen
material, respectively;

L0 specimen length at the test temperature before che-
mical release;

u imposed displacement after release. It is the same
displacement as in Fig. 4.2;

S and S0 current (after release) and initial (before release)
cross-sectional areas of the specimen beam, respec-
tively.

The total strain inside the specimen beam is given by

ε = ln
(

L0 + u

L0

)

= εmech + εmis. (4.6)

It must be noted that in Eq. 4.6, the small strain assumption is not
made as the specimen can undergo large strain in the case of testing of
a ductile material.

The mechanical strain inside the specimen beam can thus be calculated
through the measurement of u and εmis.

The stress in the specimen beam is given by the force F divided by the
current cross-sectional area:

σ =
F

S
= Ea

Sa

S

(−u

La0
− εmis

a

)

. (4.7)

These last two equations are the most important ones as they enable to
determine the stress-strain response of the specimen material.

Similarly to the actuator beam, the behaviour of the specimen beam can
also be drawn in the force-displacement diagram (Fig. 4.4). The case
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of a ductile material is presented here. The force-displacement diagram
starts at zero displacement. The force at zero displacement corresponds
to the internal force in the specimen beam consecutive to deposition of
the specimen material. A positive force corresponds to tensile internal
stress in the specimen (Fig. 4.4) whereas a negative force corresponds
to compressive stress. Then, the force linearly increases with displace-
ment. This results from the elastic behaviour of the tested material. The
slope then starts decreasing as the specimen plastically deforms (specific
case of a ductile metallic film). The force reaches a maximum. At this
point, plastic localisation occurs and the force drops till fracture of the
specimen beam. For a specific micromachine, each beam (actuator and
specimen) has its own force-displacement curve. Before release, the dis-
placement u is zero, the force inside the specimen beam is minimum and
the force inside the actuator beam is maximum. After release, the dis-
placement increases till reaching the intersection point between the two
characteristic curves. This point is the equilibrium condition expressed
mathematically by Eq. 4.5.

F

u

Specimen

Actuator

Equilibrium 
position

ufree

F0

Figure 4.4: Force-displacement relation for the actuator (red) and

specimen (gray) beams.
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4.3 Design of an ideal test structure

Section 4.2 was meant to answer the question "How to extract stress
and strain from a specific micromachine?". In this section, the question
is asked in the other way: "What should the dimensions of a specific
micromachine be in order to extract stress and strain accurately?". The
goal of this section is thus to specify the set of constraints on the design
required to produce valid measurements. By "valid measurements", it is
meant that the error on the stress and the mechanical strain is smaller
than the prescribed values.

4.3.1 General design considerations

The possible sources of errors lie in the determination of:

1. u, with the error noted ∆u (defined as a positive value);

2. εmis
a and εmis, with the error noted ∆εmis

a and ∆εmis, respectively
(defined as positive);

3. Sa

S , which comes from inaccuracies in the measurement of the
widths and thicknesses at the test temperature;

4. Ea.

The last two errors, which only affect the evaluation of the stress (see
Eq. 4.7) can easily be taken into account in the analysis, even though
they might be difficult to quantify. They do not directly enter into the
design procedure.

In order to simplify the design procedure, Eq. 4.6 and Eq. 4.7 can be re-
written with the engineering definition of strain suitable for small strains.
This gives Eq. 4.8 and Eq. 4.9.

εmech =
u

L0
− εmis (4.8)



64 Chapter 4. Self actuated micro-tensile stage

σ = Ea
Sa

S

(−u

La0
− εmis

a

)

. (4.9)

Considering displacement and both mismatch strains as the only sources
of errors, the design procedure proposed now consists of determining
the range of dimensions for the actuator and test specimens, such as
to respect the imposed maximum acceptable errors ∆ε and ∆σ, for
given ∆u, ∆εmis

a and ∆εmis. The following nondimensional geometrical
quantities are defined: α = L0

∆u , β = La0

∆u , R = Sa

S .

Based on Eq. 4.8, the first condition on the strain writes

1
α

+ ∆εmis < ∆ε or α >
1

∆ε − ∆εmis
. (4.10)

Based on Eq. 4.9, the second condition on the stress writes

REa

(

∆εmis
a +

1
β

)

< ∆σ or R < β
∆σ

Ea

1
β∆εmis

a + 1
. (4.11)

Eq. 4.10 and Eq. 4.11 mean that knowing the error on the mismatch
strains (∆εmis

a and ∆εmis) and the Young’s modulus of the actuator
material (Ea), one can directly infer the maximum error on the strain
and stress measured with a specific test structure (fixed α, β and R). In
other words, for a desired precision on stress and strain, the geometry
of each micromachine must follow Eq. 4.10 and Eq. 4.11.

The design must also ensure that the dimensions of the test structures
are varied in order to cover the spectrum of strains of interest, for
example, between εmin and εmax. In order to derive these constraints
on the dimensions, one needs to be more specific about the expected
material behaviour which can be divided into two broad classes.

1. The first class involves elastic behaviour, which is, for most ma-
terials, linear and associated to small strains, often smaller than
1%. In brittle materials, the elastic response terminates with uns-
table fracture when reaching a critical stress. This behaviour puts
the largest constraint on the design as it requires measuring small
strains accurately.
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2. The second class involves plastic (or viscoplastic or creep) beha-
viour, which is usually associated to moderate (1% to 5%) and
sometimes large strains (10% and even more in bulk metals). As
a first approximation, the level of stress does not change much
during plastic deformation and can be set equal to the yield stress
σ0. In ductile materials, homogeneous plastic response lasts for
several percents of straining, up to reaching the critical fracture
strain or the necking condition [103].

The design procedures for both classes of materials will be detailed in
the next sections.

4.3.2 Design for small strain elastic behaviour

It is first assumed that the test material has a Young’s modulus E.
The following nondimensionnal modulus is introduced E∗ = E

Ea
. Small

strain elastic behaviour enables to write Hooke’s law for the test material
(Eq. 4.12)

σ = Eεmech. (4.12)

The expression of stress (Eq. 4.9) and strain (Eq. 4.8) in the case of
small displacement are both introduced in Eq. 4.12 which leads to an
expression for the displacement

u =
E∗εmis − Rεmis

a
E∗

L0
+ R

La0

. (4.13)

Introducing the expression of the displacement ui corresponding to a
mechanical strain εi, i.e., ui = L0(εmech

i + εmis), into Eq. 4.13 leads to

R |εi
= E∗β

−εmech
i

βεmis
a + αεmech

i + αεmis
, (4.14)

giving lower and upper bounds for the variation of R in order to cover
the strain range [εmin, εmax]
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β
−εmin

βεmis
a + αεmin + αεmis

6
R

E∗
6 β

−εmax

βεmis
a + αεmax + αεmis

. (4.15)

The nondimensional parameter R
E∗

represents the stiffness ratio between
the actuator and specimen material. It controls whether a valid result
can be extracted from a micromachine.

4.3.3 Design for plastic behaviour

The same approach can be followed for a material undergoing moderate
to large plastic deformations. The nondimensional parameter Y = σ0

Ea
is

introduced. This time, the test material is considered to have no strain
hardening (σ = σ0). Using the logarithmic definition of stress (Eq. 4.7),
the lower and upper bounds for R write

β
α−α exp(εmin+εmis)−βεmis

a
6

R
Y 6

β
α−α exp(εmax+εmis)−βεmis

a
. (4.16)

The nondimensional parameter R
Y represents the stiffness ratio between

actuator and specimen material during plastic deformation and controls
whether a valid result can be extracted from a micromachine.

This design procedure was made such as to generate results with an im-
posed constant maximum error on the stress ∆σ and on the mechanical
strain ∆ε. Another more advanced design procedure consists in setting
the maximum acceptable error on the evaluated mechanical strain εmech

as a fixed fraction x |ε of it, i.e. x |ε εmech, and the maximum acceptable
error on the stress σ as a fixed fraction x |σ of it, i.e. x |σ σmech, i.e., a
constant relative error. This second design procedure is more attractive
when dealing simultaneously with large strain plasticity and small strain
elastic behaviour. This procedure is developed in Appendix A.

4.3.4 Illustration of practical design rules

As already stated in Section 4.1, one of the idea of the self actuated
micromachine concept is to use MEMS microfabrication techniques to
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pattern thin films, enabling to process thousands of elementary struc-
tures on a single wafer. This allows either using only a small part of them
depending on the best suited design with respect to the test material or
enabling high throughputs of data with statistical relevance. Practical
implementation of the technique, requiring the release of long flat ac-
tuators and test specimens, as well as an objective toward miniaturising
and multiplying the number of tests pushes for minimising the length
of the actuator and test specimen. Hence, an additional constraint is to
select the minimum α and the minimum β.

For the sake of illustration, a specific design is now addressed based
on a set of parameters consistent with Al and Al alloys thin film stu-
died, making use of a silicon nitride actuator with: Ea = 235 GPa,
εmis

a = −0.003, ∆εmis
a = 0.0001 [7], as well as no mismatch strain in

the test specimen, i.e., εmis w ∆εmis w 0. The maximum error on the
stress is imposed to be equal to 30 MPa, i.e., ∆σ

Ea
= 0.00013, considering

that typical metallic or ceramic submicrometer films will show stresses
reaching at least 250 MPa and being sometimes larger than 1 or 2 GPa.
The maximum error on the strain is taken equal to 0.0005 and comes
from the accuracy of the displacement measurement (see Section 6.2).

Hence, from Eq. 4.10, the length of the specimen beam must comply
with α > 1

0.0005 = 2000 = αmin. Based on Eq. 4.11, the asymptotic
behaviour for β → ∞ imposes R < 1.3.

Fig. 4.5 shows the variation of the upper bound of R as a function of β

set by the conditions of Eq. 4.11.

Design for small strain elastic behaviour

The design of a specific set of tensile testing stages allowing the measu-
rements of the elastic behaviour up to the fracture stress is now worked
out for materials with E

Ea
around 0.4. The bounds of the minimum and

maximum strains of interest are set between εmin = 0.0005 (0.05%) and
εmax = 0.015 (1.5%). As explained above, α is chosen equal to the
minimum admissible value αmin = 2000 (L0 = 100µm).

Fig. 4.5 shows the variation of R as a function of β for different strains
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Figure 4.5: Illustration of design methodology imposing a constant

maximum acceptable error on strain (here 0.0005) and stress (here

30 MPa). The constraint on strain imposes a minimum value for the

specimen length which is taken to be equal to 100µm for all relations

shown on the graph. The constraint on the stress is responsible for

the grey zone. This zone indicates the range of valid dimensions of

the tensile testing stages elements in terms of the ratio R and β,

R being the ratio of the cross-sectional areas of the specimen and

actuator beams and β being the ratio of the actuator length La0 di-

vided by the error on the displacement measurement ∆u. The other

lines determine the R versus β relation for different strains. This

design is made for a material having a linear elastic regime using the

following set of parameters: α = 2000, Ea = 235 GPa, E = 70 GPa,

εmis
a = −0.003, ∆εmis

a = 0.0001, εmis = ∆εmis = 0. Numbers 1, 2,

and 3 indicate three possible design strategies as explained in the

text.
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as given by Eq. 4.14. Fig. 4.5 first indicates that the imposed constraint
Eq. 4.11 on the maximum error on the stress does not allow reaching
strains equal to 0.015 as initially envisioned. Hence, for the largest
strains, one should either relax the acceptable error on the stress or
improve the accuracy on the mismatch strain ∆εmis

a . This conclusion
motivates also the need for a design method based on a relative error
and not a fixed error.

Different design strategies can be followed to fix the dimensions of the
test structures (Fig. 4.5):

1. Strategy 1 proposes to choose a constant sufficiently long actuator
length. This approach has two disadvantages. The first one is that
it requires long actuators which cover lots of space on the substrate
and are more prone to microfabrication problems such as stiction
or geometrical defect. The second is that this approach requires
changing the ratio R of the cross sections for each specimen. For
reasons related to the chemical release of the structure discussed
later (Section 4.4), it is better not to change too much the ratio of
cross-sectional area within a set of testing stages. Moreover, some
mechanical properties might depend on the width.

2. Strategy 2 not only optimises space but also requires changing the
ratio of the cross-sectional area from specimen to specimen.

3. Strategy 3 keeps the ratio of the cross-sectional area constant while
changing the actuator length, but it does not allow encompassing
a very wide range of strains.

Now, R versus β is shown in Fig. 4.5 for a fixed value of the specimen
length and a larger strain range can be covered by varying this length,
i.e., changing α. The effect of changing α is shown in Fig. 4.6. For
instance, changing α from 2000 to 10000 with R = 0.8 and β = 40000,
leads to a change of the corresponding minimum mechanical strain that
can be measured from 0.0071 to 0.0048, as computed from Eq. 4.14.

As a result, the design chosen for one set of test structures on generation
3 and 4 is based on a constant R value but with evolving β and α. For
simplicity, a constant length L0 + La0 is used.
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Design for plastic behaviour

The same approach can be followed for the design of a set of tensile
testing stages devoted to the measurement of the stress and strain evo-
lution in a plastically deforming material characterised by a yield stress
σ0 and a range of strain typically between 0.01 and 0.1. Again, let us
specify a value for σ0, for example, 300 MPa, giving Y = σ0

Ea
= 0.004.

Fig. 4.7 shows the variation of R as a function of β for different strains
as given by one of the bound of Eq. 4.16. Strategy 3 based on a constant
R allows covering a wide range of strains within the plastic regime. Eva-
luation of the plastic behaviour is much easier to implement with the
present approach compared to the low-strain elastic behaviour.
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Figure 4.6: Illustration of design methodology imposing a constant

maximum acceptable error on strain (here 0.0005) and stress (here

30 MPa). The constraint on the stress is responsible for the grey

zone. This zone indicates the range of valid dimensions of the ten-

sile testing stages elements in terms of the ratio R and β, R being

the ratio of the cross-sectional areas of the specimen and actuator

beams and β being the ratio of the actuator length La0 divided by

the error on the displacement measurement ∆u. The other lines de-

termine the R versus β relation for a fixed different strain but with

varying specimen length, i.e. varying α. This design is made for

a material having a linear elastic regime using the following set of

parameters: εi = 2000, Ea = 235 GPa, E = 70 GPa, εmis
a = −0.003,

∆εmis
a = 0.0001, εmis = ∆εmis = 0.
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Figure 4.7: Illustration of design methodology imposing a constant

maximum acceptable error on strain (here 0.0005) and stress (here

30 MPa). The constraint on strain imposes a minimum value for

the specimen length which is taken to be equal to 100µm for all

relations shown on the graph. The constraint on the stress is res-

ponsible for the grey zone. This zone indicates the range of valid

dimensions of the tensile testing stages elements in terms of the ra-

tio R and β, R being the ratio of the cross-sectional areas of the

specimen and actuator beams and β being the ratio of the actuator

length La0 divided by the error on the displacement measurement

∆u. The other lines determine the R versus β relation for different

strains. This design is made for a material having a plastic yiel-

ding regime (assuming a perfectly plastic behaviour) using the fol-

lowing set of parameters: α = 2000, Ea = 235 GPa, σ0 = 300 MPa,

εmis
a = −0.003, ∆εmis

a = 0.0001, εmis = ∆εmis = 0. Number 3 indi-

cates the best strategy to follow in order to cover a wide range of

strain.
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4.4 Constraints from application to a real test struc-

ture

Up to this point, Section 4.3 was meant to provide the required di-
mensions of an ideal micromachines (α, β, and R) in order to extract
stress and strain with a prescribed level of error. The real implemen-
tation of the theoretical requirements defined in Section 4.3 needs some
adaptations. This section aims at reviewing all the mechanical and geo-
metrical constraints that arise when designing the real geometry of the
test structures. The configuration of the mask layout are presented first
(Section 4.4.1). Then, all the additional constraints coming from the real
implementation are detailed (Section 4.4.2 to Section 4.4.5). Although
some constraints are inherent to the fabrication steps, a whole chapter
(Chapter 5) is dedicated to the fabrication process. This section neither
extends on the measurements that must be performed on the structures
in order to determine the parameters involved in the equations of Sec-
tion 4.2. Indeed, it will be the scope of Chapter 6.

4.4.1 Mask layout

Fig. 4.8a shows the overall layout of a wafer processed with the genera-
tion 3 set of masks. Fig. 4.8b enlightens a die which is reproduced several
times on the wafer (5 times in generation 3). This die contains all the
structures necessary for proper extraction of the mechanical properties of
the specimen material. This comprises the standard structures for uni-
axial tensile testing, the structures designed for extraction of some para-
meters needed in the equations of Section 4.2 (see Chapter 6) and some
other structures like the notched specimens (see Chapter 7). Fig. 4.8c
shows a set of the so called "standard" test structures. Within such a
set, the width of the actuator and specimen beam are kept constant and
the only varying parameter is the length of both beams in order to sweep
the whole tensile behaviour from small elastic strain to fracture. Finally,
Fig. 4.8d shows a magnified SEM picture of a single test structure where
the overlap, the cursors and the dogbone are clearly visible. The origin
of these differences with the ideal test structures from Section 4.3 are
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justified in the following sections (Section 4.4.2 to Section 4.4.5).

(a) Wafer level

(b) Die level

(c) Instance level

(d) Micromachine level

1 cm

3 mm

500 µm

20 µm

Actuator Specimen

Figure 4.8: Layout of the "generation 3" set of masks.
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4.4.2 Constraints on the width of beams

The release of internal stresses inside actuator and specimen beams is
performed through the etching of the sacrificial layer located underneath
the two beams. The etchant can only etch layers by direct contact. In
the case of an isotropic etching of the sacrificial layer located under a
structure, the etching will start from the sides of the structure, then
continues until the center of the structure is released as depicted in
Fig. 4.9. The wider is the beam, the longer is the etching time. This
has several consequences:

• Actuator and specimen beams cannot be too wide as etching se-
lectivity is never infinite (Section 5.5);

• Actuator beam must always be wider than the attached specimen
beam so that the latter is released first (Fig. 4.9c). Indeed, possible
non-uniformity of etching could cause the release of a small portion
of the specimen beam. If the actuator is released at that time,
all the strain imposed by the actuator beam will be concentrated
inside that small portion, creating non-uniform loading conditions
and premature fracture;

• Widths of actuator and specimen beams should be kept constant
within one series of micromachine. This ensures that the structures
of the same instance4 require the same time to be released. This
also lowers the number of measurements to be performed as two
width measurements (actuator and specimen beam) are enough
within the instance.

It must be noted that loading does not occur gradually. The actuator
releases its internal stress only when all the sacrificial layer under the
actuator beam is fully etched away. The loading rate is thus not control-
led and is probably very fast. Moreover, as the test structures of one

4The word "instance" will be used throughout this work to speak about structures

located at in the same area of the wafer and having the same dimensions (shape,

width, total length).
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instance have the same actuator width, they are all released at the same
time and the strain rate applied is different from one test structure to
the other. This is a limitation of this concept.

(a) (b)

(c) (d)

Figure 4.9: Evolution of the etching of a sacrificial layer located

under a micromachine. (a) test configuration before etching, (b)

beginning of etching, nothing is released yet, (c) the specimen beam

is released, (d) the actuator beam is released.
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4.4.3 Constraints on the overlap region

In the ideal case of Section 4.3, the actuator and specimen beams are
considered as rectangular beams of length La0 and L0 respectively with
no overlap. In the real case, there has to be an overlap of a beam on the
other one to ensure a good connection between the beams. The zone
where actuator beam and specimen beam meet can be divided in four
parts (Fig. 4.10b) which all require special care in the design procedure.

• The "overlap" is the part of the specimen material located just on
top of the actuator beam;

• The "uniaxially deformed zone" is the part of the specimen beam
subjected to pure uniaxial tension;

• The "dogbone" is the part of the specimen beam located on both
ends of the beam where the width is not uniform;

• The "connection" is the part of the specimen beam which connects
the overlap to the dogbone. In other words, it is the part of the
specimen material where the thickness is the lowest due to depo-
sition process features.

Generation 1 set of masks consisted in structures with rectangular shapes
for both beams as shown in Fig. 4.10a. The structures worked for at
small deformation beams but breaking prematurely occurred just at the
connection when the strain in the uniaxially deformed zone was still lo-
wer than the fracture strain of the specimen material. This was because
the overlap of the specimen beam on the actuator beam is not at the
same level than the specimen beam itself. The step created by the over-
lap is responsible for a stress concentration in this region. Fracture was
thus always occurring at the connection first.

The idea was then to strengthen the connection so that fracture can
occur in the part of specimen subjected to uniaxial loading conditions.
The solution designed in generation 2 set of masks was to use a dogbone
shape on both sides of the specimen beams. Dogbones enable to increase
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(a)

Overlap

Uniaxially 
deformed zone

Dogbone

Connection

(b)

Figure 4.10: Design of the connection between actuator and speci-

men beam: (a) no dogbone for generation 1, (b) dogbone for further

generations.

the section of the specimen material at the connection with respect to the
uniaxially deformed zone. There is still a stress concentration due to the
step but most of the stress is concentrated in the uniaxially deformed
zone of length L0 used in all equations of Section 4.3. However, the
dogbone design suffers from two main drawbacks. The first one is that
dogbones increase R = Sa

S , which according to Eq. 4.11, should be lower
than a prescribed value. Eq. 4.11 is thus more difficult to satisfy. The
second disadvantage is that dogbones are not taken into account in the
above calculations.

The stress concentration in the connection should be kept in mind when
choosing the thicknesses of the actuator and of the specimen layers. The
specimen layer should always be thicker than the actuator layer. This
is an additional constraint on the choice of the best ratio R suitable for
a specific material5.

Still concerning the overlap region, the length of the specimen part over-
lapping the actuator beam has to be determined. On the one hand, it
cannot be too long in order to avoid curvature due to a bilayer of stres-

5One solution not investigated in this thesis is to deposit a filler layer before the

specimen layer deposition. This filler layer would be part of the sacrificial layer and

would decrease the step in the overlap region.
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sed films. On the other hand, it cannot be too short to ensure sufficient
adhesion during tensile testing. Finite element (FE) simulations have
been performed to analyse the impact of the length of the overlap on
the curvature of the bilayer [46]. A 10µm long overlap was selected
for generation 2, 3 and 4 set of masks as the FE simulations predicted
negligible bending and out of plan displacement. The selected length
corresponds to less than 1% of the total length of each micromachine.
With this overlap, no adhesion fracture was noticed during tensile tes-
ting of Al and Al alloys. This was mainly due to the good adhesion
between silicon nitride (actuator material) and Al. Note that in the
case of poor adhesion between the two layers, a thin adhesion layer can
be deposited prior to specimen layer deposition (usually 5 nm of tita-
nium or chromium depending on the etching selectivity). The overlap is
always designed to be 2µm narrower than the actuator width in order to
anticipate possible misalignment between actuator mask and specimen
mask (see Fig. 4.10b).

4.4.4 Constraints on the symmetry

A general trend to follow in thin film mechanical testing is to keep every
structure symmetrical. This ensures that the release of internal stresses
by etching of the sacrificial layer occurs uniformly so as to perform pure
uniaxial tensile test (no shear component). Cursors are thus designed
on both sides of the actuator tip. Reference and moving cursors have
also the same size and are in the same material to minimise the error
made on the measurement of displacement u.

4.4.5 Constraints on the anchors

Actuator and specimen beams are connected to anchors. Anchors are big
squares designed large enough to ensure that underetching will not re-
lease them from the substrate. Reference cursors should also be connec-
ted to fixed unreleased structures. Typically anchors are at least 100µm
wide. It must be noted that underetching of the anchors should be kept
minimum as even a partially released structure can deform a little bit
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and underetching is not taken into account in the equations of Sec-
tion 4.3. However, FE simulations showed that taking the underetching
into account induces very negligible correction to the calculated stress
and strain in the specimen beam [46].

4.4.6 Concluding remarks and notations

The design requirements from Section 4.4 have been learned by the suc-
cessive generations of masks. On the opposite, the design requirements
described in Section 4.3.1 to Section 4.3.3 are determined from the ac-
curacy of measurements (∆u, ∆εmis

a , ∆εmis), from the used materials
properties (E, Ea, εmis, εmis

a , σ0) and from the expected accuracy on
stress and strain (∆σ and ∆ε, respectively). This procedure assumes
that the mechanical behaviour of the test material is first elastic (E
known) then perfectly plastic (σ0 known). Of course, this assumption is
not correct and the properties are expected to vary with the thickness
making it difficult to guess the mechanical behaviour when designing the
structures. As a consequence, the design requirements of Section 4.3.1,
Section 4.3.2 and Section 4.3.3 should be used as guidelines. Moreover,
the surface area for a set of masks is sufficiently large to design many
structures with varying geometrical parameters in order to capture dif-
ferent types of mechanical behaviour even for different materials. As a
result, all the structures located on a set of masks will not be suitable
for accurate determination of a specific mechanical behaviour of the test
material. But it is the role of the user to select the most accurate ones.

The large number of elementary structures (about 5000 to 10000 on a
single 3-inch Si wafer) requires a specific convention for grouping the
structures. Series of micro tensile stages with similar geometry (same
actuator width and specimen width) are grouped within sets of 30 struc-
tures (or "instances"). Within one set, the total length of the couple ac-
tuator and specimen structure is kept constant while the actuator length
is progressively increased. Each set is named as "Tx-y L" where:

• x is the width of the actuator beam and is either 10µm either
15µm;
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• y is the width of the specimen beam and the different values are:
1, 2, 4, 6, 8 and 10µm;

• L is the overall length of each test structure and is equal to 500,
1000, 1500 or 2000µm.

Within one set, the tensile structures are numbered from 1 to 30. In-
creasing the number corresponds to increasing the deformation applied
to the specimen after release.





Chapter 5

Fabrication process

The main steps required to fabricate a set of on-chip test structures are
described in this chapter. The properties expected for each involved
layer will be detailed. For each step, the conditions and materials used
for the specific testing of pure Al and Al alloys films will be given. The
standard process flow is shown in Fig. 5.1.

The processing of Fig. 5.1 has been entirely performed within the WIN-
FAB1 facilities. The processing steps of Fig. 5.1 remain the same if the
coating/film is deposited (step e) outside WINFAB. Another interested
team can thus deposit its material on pre-processed wafers (Fig. 5.1a to
Fig. 5.1d). After deposition, the patterning of the coating (Fig. 5.1e) and
etching of the sacrificial layer (Fig. 5.1f) are performed within WINFAB
for extraction of the mechanical properties of the coating.

1WINFAB stands for "Wallonia Infrastructure Nano FABrication" and is a clean-

room area used for microfabrication of electronic and MEMS devices.

83
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Substrate

Sacrificial layer

Actuator layer

Specimen layer

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 5.1: Fabrication process involving (b) the sacrificial layer de-

position, (c) the actuator layer deposition, (d) the patterning of the

actuator layer, (e) the specimen layer deposition, (f) the patterning

of the specimen layer and (g) the etching of the sacrificial layer.
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5.1 Wafer selection

Fabrication in WINFAB implies that the substrates used for processing
are silicon wafers with a diameter of 3 inches and a thickness equal
to 380µm polished on the front face. The wafers are made of pure
monocrystalline silicon. The orientation is given in Fig. 5.2.

[110]

[110]
[100]

Figure 5.2: Silicon substrate orientation.

A priori, any wafer can be used for the subsequent steps. But as the in-
ternal stress in each film is an important parameter in order to determine
the mismatch strain or the Young’s modulus [7], the wafers showing a
monotonic curvature (Fig. 5.3b) must be selected. Indeed, wafer curva-
ture method [83] is used for stress measurement and monotonic curved
substrate is a first requirement in order to produce accurate measure-
ment. The curvature is determined by running a profilometre tip along
one axis of the wafer (Fig. 5.3a).

The whole process can be performed on non-monotonic curved wafers
(Fig. 5.3c) but at least one suitable wafer has to be used throughout the
process for wafer curvature measurement at each step (one measurement
before and after deposition of one layer and before and after any thermal
treatment).
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Figure 5.3: Curvature measurement performed with a profilometre

(b) monotonic profile, (c) non-monotonic profile.
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5.2 Sacrificial layer

The first layer to be deposited is the sacrificial layer. This layer is the
one that will be etched away at the end of the process in order to release
the upper layers. The major requirement concerning this layer is the
etching selectivity. The etch rate ratio between the sacrificial layer and
the other layers has to be as high as possible. This ensures that the
release step occurs without damaging the structures or modifying the
dimensions, mainly the actuator and specimen thicknesses.

No particular mechanical property is required for this layer. The selec-
ted material must sustain all the conditions of the subsequent processing
steps (e.g. heating, etching). The roughness should be as small as pos-
sible because it will be transferred to the top layers. Sacrificial layers
with too high internal stresses should be avoided. Indeed, residual sa-
crificial layer on released structures could lead to more complex loading
configuration such as out of plane bending instead of pure uniaxial ten-
sile testing.

In all the applications addressed further regarding Al specimens, the
sacrificial layer is a 1µm-thick PECVD (Plasma Enhanced Chemical
Vapour Deposition) silicon oxide layer. The deposition is made at 300 ◦C
with a gas flow of SiH4/N2O/N2 in the proportion 100/700/350 sccm.
PECVD SiO2 is used because it is a well-known material in MEMS
processing. As a consequence, the etching selectivity with respect to
other materials involved in the fabrication process is already determined.
Hydrofluoric acid (HF) is generally used to etch silicon oxide. PECVD
SiO2 is used instead of thermal SiO2

2 because it is a less dense oxide.
The enhanced selectivity is preferred over the decrease in uniformity.
Note that the internal stress in the sacrificial layer is quite large (∼
300 MPa in compression). A densification step (20 minutes at 800 ◦C) is
thus always performed to decrease the internal stress but it also improves
the quality of the oxide hence slowing down the etching rate. However,
densification of the oxide is inevitable as subsequent steps (actuator
deposition) involve heating to 800 ◦C. It must be noted that the N2

2SiO
2

grown from a silicon substrate put at high temperature with O
2

gas
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flow was found to dramatically impact the etch rate of the densified
oxide. A high N2 flow results in a better uniformity of the deposit while
decreasing the etch rate in HF. The recipe used for SiO2 deposition is
thus the best compromise between uniformity and etching selectivity.

It must be pointed out that, in the frame of other researches at UCL, a
generic polymer sacrificial layer is under investigation [127].

5.3 Actuator

The second layer to be deposited is the layer that will provide the ac-
tuation force: the actuator layer. In order to perform tensile tests, the
actuator layer must undergo tensile internal stress. As the actuator di-
mensions and mechanical properties will be essential in order to extract
accurate stress values in specimens, this layer should be as uniform as
possible over the entire wafer. Among others, etching selectivity should
be as high as possible with respect to the sacrificial layer.

LPCVD (Low Pressure Chemical Vapour Deposition) silicon nitride
(Si3N4) is used as the actuator layer. It is deposited at 790 ◦C in a
vertical Koyo VF-1000LP furnace. No matter the thickness deposited,
the biaxial internal stress is about 1 GPa in tension. The thickness uni-
formity is very good as it varies by approximately 1 nm over a 3-inches
wafer. The internal stress inside the Si3N4 layer comes essentially from
the difference of thermal expansion coefficient between the silicon ni-
tride (αSi

3
N

4
= 6, 06 10−6◦C−1) and the silicon substrate (αSi = 2, 3

10−6◦C−1). LPCVD Si3N4 is an amorphous material transparent to vi-
sible light. Its thickness can thus be measured using ellipsometry. It
is an elastic isotropic brittle material which means its mechanical be-
haviour is entirely described by its Young’s modulus and its fracture
strength.

Si3N4 is deposited on both faces of the silicon substrate. No change of
curvature should be observed after deposition. Internal stress inside the
upper layer can only be determined after etching of the silicon nitride
deposited on the back side. This is performed by dry etching with SF6
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plasma. Then, a wafer curvature measurement can be performed to
extract internal stress in the Si3N4 upper layer.

The patterning of the actuator layer is made by photolithography. A
positive photoresist (AZ6612) is deposited on the active face of the wafer
(Fig. 5.4b). After prebaking of 90 seconds at 110 ◦C, the photoresist is
exposed to a pattern of UV light using the "actuator mask" (Fig. 5.4c,
Section 4.3 for design of the pattern). The exposed positive photoresist is
then dissolved in a TMAH (TetraMethylAmmonium Hydroxide)-based
solution called "developer"(Fig. 5.4d). A post-exposure bake allows the
densification of the remaining photoresist. At this step, the pattern
has been transferred from the mask to the photoresist. The next step
consists in a pattern transfer from the photoresist to the Si3N4 layer. Dry
etching is used for that purpose. The SF6 plasma etches the unprotected
part of the Si3N4 layer (Fig. 5.4e). The sacrificial layer acts as an etch-
stop layer. The remaining photoresist is then removed using acetone or
any other solvent that can get rid of the photoresist (Fig. 5.4f). Using
UV light for the photolithography process offers a resolution of 0.6µm
meaning that the smallest shape that can be transferred is 0.6µm large.

LPCVD silicon nitride is the best candidate as an actuator material up
to now. Its main advantages are high uniformity of deposition, simple
mechanical behaviour, high etching selectivity with silicon oxide in HF.
The main drawback comes from the high temperature deposition. Due
to this high temperature, the SiO2 sacrificial layer densifies during the
deposition of Si3N4. Selectivity is thus decreased. Other options under
investigation at UCL, though in the framework of the present study,
involve PECVD Si3N4 [138] or Cr.
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(a) (b) (c)

(d) (e) (f)

Figure 5.4: Photolithography steps in the case of positive photore-

sist: (a) initial configuration with thin film deposited on the sub-

strate, (b) photoresist deposition, (c) mask contact and exposure,

(d) dissolution of the exposed photoresist, (e) plasma etching of thin

film material, (f) photoresist removal.



5.4. Specimen 91

5.4 Specimen

After the patterning of the actuator material, the test material is the last
layer to be deposited. No specific property is required for this material
as the purpose of the new technique is to test any kind of material. In
the present work, the focus is on Al thin films. The last layer to be
deposited will always be a pure Al film or an Al alloy film deposited by
PVD (Physical Vapour Deposition). The most common PVD methods
are evaporation and sputtering.

In evaporative deposition, see Fig. 5.5, thermal energy is supplied to a
source from which atoms are evaporated. These atoms then condense
on a substrate surface to form a thin film coating. This occurs at low
pressure in order to increase the mean free path of the atoms. The
evaporated atoms can thus travel through the chamber and condense on
the substrate. This method is used to deposit pure metallic materials.
Metallic alloys can also be deposited using either a single heated source
(alloy source) or two different sources (two pure material sources) at
different temperatures. Nevertheless, as the composition in the vapour
phase cannot be easily controlled, evaporative methods are generally not
used to produce alloy films with specific and uniform composition.

In sputter deposition, see Fig. 5.6, ions, e.g. argon, are accelerated by
an imposed electric field toward a target of the metal to be deposited
(cathode). As the ions collide with the cathode, secondary electrons are
emitted. An electrical discharge is then initiated and sustained. The
impact of gaseous ions with the target material causes extraction of the
surface atoms which form the vapour in the chamber. These atoms
enter and pass through the discharge region to eventually condense on
the substrate (anode), leading to the growth of the film. In magnetron
sputtering which is usually used in microelectronics, magnets are placed
behind the cathode to trap the free electrons in a magnetic field directly
above the target surface. This increases their probability of ionising
a neutral gas molecule by several orders of magnitude which in turns
increases the rate at which target material is eroded and subsequently
deposited onto the subtrate.

There are many differences between sputtering and evaporative deposi-
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Figure 5.5: PVD-electron beam evaporation.
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Figure 5.6: PVD-sputtering.
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tions [98]. In sputtering processes, atoms extracted from the target have
a higher kinetic energy than the ones that evaporate from the source in
evaporative processes. As a result, sputtered films are more prone to
defect nucleation and damage at the deposition surface due to the high
energy of atoms. Moreover, as evaporation occurs at very low pressure
(1.33×10−4 to 1.33×10−8 Pa) compared to the high pressure discharge
zone (13.33 Pa), sputtered films generally contain a higher concentration
of impurities. Conversely, sputter deposition offers better control of the
stœchiometry, better step coverage, and better thickness uniformity of
the film.

In this work, all the films were deposited by PVD methods. Pure Al
films were deposited by evaporation in a modified e-gun Balzers-Vacotec
whereas AlSi(1%) films were deposited by sputtering in a S-gun Varian.
From the microstructure point of view, only one FCC (Face-Centered
Cubic) phase is expected in the pure Al films whereas two phases are
expected in the AlSi(1%) film (see phase diagram in Fig. 5.7). The
solubility of silicon in Al is indeed almost zero at room temperature and
the microstructure is thus expected to be made of Si precipitates in an
Al matrix.
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Figure 5.7: Phase diagram of Al and Si.
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After deposition, the films were patterned by photolithography as for the
actuator layer using "specimen mask" (see Section 4.3 for design of the
pattern). The first difference with the actuator patterning is that the
sample patterning requires a very good alignment between the actuator
mask and the sample mask. The second difference is the plasma used for
etching of the metallic layer. For both pure Al and Al alloys samples, the
etching was performed with a plasma of Cl2 and CCl4 in an Electrotech
RD600. The photoresist was then dissolved in a HNO3-based solution.

Note that adapting the technique to another material requires a new
recipe for the etching used to pattern the specimen layer. This can be
quite complex as the etching selectivity between the specimen material
and other layers (photoresist, actuator and sacrificial layer) must be pre-
served. In order to circumvent such a selectivity study, another method
called "lift-off" can be used for the patterning, see Fig. 5.8. The idea
is to deposit a negative photoresist (AZ5214) on the wafer before the
deposition, see Fig. 5.8b. After pre-baking of 110 seconds at 110 ◦C, the
photoresist is exposed to a pattern of UV light through the specimen
mask, see Fig. 5.8c. A post-baking of 40 seconds at 118 ◦C is then perfor-
med followed by another exposure to UV light under an all-transparent
mask. The negative photoresist which was masked during the first expo-
sure is then dissolved in the "developer"(Fig. 5.8d). Specimen material
deposition is then performed on the whole wafer (Fig. 5.8e) in "lift-off
mode" (non-conformal deposition in order to avoid metal deposition on
the sides of the photoresist). The lift-off process consists in dissolving
the photoresist in acetone or any other solvent. The specimen material
located on the photoresist disappears with the acetone solution while
specimen material deposited directly on the wafer remains intact, see
Fig. 5.8f. This patterning technique simplifies the process but suffers
from lower resolution than positive photoresist.
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(a) (b) (c)

(d) (e) (f)

Figure 5.8: Lift-off process (negative photoresist): (a) initial confi-

guration, (b) photoresist deposition, (c) mask contact and exposure,

(d) dissolution of the exposed photoresist, (e) thin film deposition,

(f) photoresist removal.
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5.5 Release and etching selectivity

All the previous steps aimed at creating the micromachines. Internal
stresses build up in the layers during the deposition steps. In order to
load and deform the test material, the sacrificial layer must be etched
away. This enables the actuator to contract. As the specimen part is
connected to the actuator, the contraction of the actuator leads to an
elongation of the specimen. The etching of the sacrificial layer will be
referred as the "release step" throughout this work.

The main concern about the release step is a matter of selectivity. The
etchant has to etch the sacrificial layer without damaging the other
layers, i.e. the actuator and specimen layers. In microfabrication, a
sacrificial layer is often associated with a specific etchant solution. For
the specific case of silicon oxide, HF (hydrofluroric acid) based solution
is commonly used. Dilution of HF in water, iso-propanol or NH4F is
sometimes used in order to monitor the etch rate of SiO2 and to prevent
etching of other materials. Gennissen and French [45] showed that the
larger the concentration in HF, the smaller the etching of Al. The highest
commercially available HF concentration (73%) was then used in order
to etch the sacrificial layer. This solution gives the highest etch rate
selectivity between PECVD SiO2 and Al. Monitoring of the etch rate
of SiO2 layer was performed by choosing the appropriate SiO2 recipe
instead of modifying the etchant. Although the use of vapour HF (pure
HF) could even improve the selectivity, it was not tested as it requires
an equipment not available within the Winfab facilities.

Etching of the sacrificial layer with HF (73%) belongs to the so called
"wet etching" techniques. Another kind of etching which was not used
for the Al micromachines involves plasma treatment instead of chemi-
cals. These so-called "dry etching" techniques could be used when trying
to adapt the technique to another test material for which a couple sacri-
ficial layer/etchant cannot be found. The idea is to use the top silicon
layer on SOI wafer (Silicon On Insulator) as a sacrificial layer (Fig. 5.9).
After patterning of the specimen layer (photolithography and etching),
an additional step is needed. The micromachines are covered with a
protective photoresist (additional mask - Fig. 5.9a and Fig. 5.9b). The
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Figure 5.9: Dry release: (a) and (b) protective photoresist deposi-

tion, (c) vertical etch of Si, (d) lateral etch of Si, (e) etch stop layer

fully etched.

release step is then performed by generating a SF6 plasma in a chamber.
The plasma etches the silicon anisotropically until it reaches the buried
oxide which acts as an etch stop layer, see Fig. 5.9c. While the oxide
is being etched away by the SF6 plasma, a faster lateral etching of the
silicon is taking place, see Fig. 5.9d. When the oxide has been etched
away, the lateral etching of silicon stops and the anisotropical etching of
the silicon substrate continues, see Fig. 5.9d. If the buried oxide is thick
enough, structures can be released in that way [2]. This technique has
been successfully applied in [110] for testing Ti thin films.
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5.6 Critical point drying

Whenever wet etching is used to release structures, rinsing is performed
in order to stop the etching. Rinsing also ensures that further processing
does not damage or contaminate other structures with residual etching
solution. Any solvent can be used for rinsing; water, iso-propanol, me-
thanol are of common use. Now, as all measurements on micromachines
have to be performed in a SEM environment, involving very low pres-
sure, no liquid can remain on the wafer. Hence, the structures must be
carefully dried. Sample drying in air can damage the structures. Indeed,
capillary forces would cause the stiction of the structures on the under-
neath substrate. The solution is to avoid the phase transformation from
liquid to vapour by using a critical point dryer (CPD). Basically, a CPD
consists in a chamber in which the temperature and the pressure can be
controlled. CPD raises the pressure and the temperature of the liquid
solution till reaching its critical point where there is no interface between
liquid and vapour phases. Pressure in the chamber is then decreased to
atmospheric pressure, see Fig. 5.10.
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Figure 5.10: Basic steps in critical point drying.
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Whenever dry etching is used, the only rinsing step is performed through
several N2 purges within the chamber. However, the protective photore-
sist remains there after SF6 etching. As the photoresist is much thicker
than the test film material, it could influence its mechanical response.
Hence, it is preferable to etch the photoresist using a O2 plasma. In
order to avoid oxidation of the test material by the O2 plasma, the po-
lymer can also be dissolved in acetone. The use of a liquid like acetone
will then imply a critical point drying step to avoid stiction.

For the case of Al, after etching in HF (73%), rinsing was performed in
isopropanol for 1 minute in a first bath, 5 minutes in a second one and 5
minutes in a third one. Rinsing in water is not used as it would etch the
Al. The CPD machine is a Tousimis 915B and uses CO2 for drying. The
critical point of CO2 (31.3 ◦C and 7.38 MPa) is indeed easier to reach
than the critical point of isopropanol. After the drying, the sample is
ready for SEM observation. Note that a whole cycle in the CPD last
for about one hour. Adding the rinsing time and transportation to SEM
chamber time implies that the first observation can be made only one
hour after the release of the sacrificial layer. This has to be taken into
account when creep and other relaxation phenomena occur.





Chapter 6

Determination of the geometrical,

physical and mechanical parame-

ters for data reduction

This chapter addresses the parameters required to properly extract the
mechanical properties of a test material using the on-chip test structures
described in Chapter 4 and Chapter 5. These parameters are the ones
entering Eq. 4.6 and Eq. 4.7. These two equations are rewritten here
(Eq. 6.1 and Eq. 6.2) with the definitions of all the parameters.

εmech = ln
(

L0 + u

L0

)

− εmis. (6.1)

σ = Ea
waha

wh

(−u

La0
− εmis

a

)

. (6.2)

σ and εmech stress and mechanical strain in the specimen beam
after release, respectively;

εmis and εmis
a mismatch strain of the specimen and actuator ma-

terial resulting from the deposition and subsequent
fabrication steps;

Ea Young’s modulus of the actuator material;
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L0 and La0 specimen and actuator beam length at the test tem-
perature before chemical release;

w and wa width of the specimen and actuator beam, respecti-
vely;

h and ha thickness of the specimen and actuator beam, res-
pectively;

u imposed displacement after release.

In the following, all the procedures used in order to measure these para-
meters are described in details. Section 6.1 focusses on the measurement
of the geometrical parameters (L0, La0, w, wa, h and ha). Section 6.2
is dedicated to the displacement measurement (u). Section 6.3 shows
different types of structures aiming at extracting the mismatch strain
in the specimen and in the actuator layer (εmis and εmis

a ). Section 6.4
describes the method used to determine the actuator Young’s modulus
(Ea). An additional section (Section 6.5) is dedicated to the measure-
ment of the internal stress in a thin layer on a substrate. Finally, the
last section (Section 6.6) summarises the influence of each parameter
measurement on the error on the stress and strain.

6.1 Geometrical parameters measurement

As for macromechanical testing, several geometrical parameters have to
be determined in order to extract the stress and strain in the specimen.
The initial length of the specimen (L0) is needed in Eq. 6.1. The initial
length of the actuator (La0), thicknesses (h and ha) and widths (w and
wa) of the specimen and actuator are required in Eq. 6.2. In generation 3
and 4 of micromachines, lengths, widths and thicknesses differ by several
orders of magnitude. The techniques to measure these parameters will
thus be different.

The actuator lengths generally vary between a few hundreds micrometres
and several millimetres and the sample lengths vary between a few mi-
crometres and several hundreds micrometres. These lengths were chosen
following the design rules explained in Section 4.3 and are reproduced
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on the masks used for the photolithography steps in the fabrication pro-
cess. The masks were created by e-beam lithography which ensures an
accuracy close to one nanometre. When transferring the pattern from
the mask to the photoresist, the accuracy is limited by the wavelength
of the light used for exposition. Typically, the light source uses UV light
(wavelength ' 200 nm). Moreover, under-exposition or over-exposition
can occur which alters the final length of structures. So each dimension
on the masks is transferred so that these dimensions are increased or
decreased by approximately 0 to 1µm.

As a consequence, all lengths involved in the test structures are not
measured and are taken as the lengths determined in the design. The
error coming from photolithography is indeed very small compared to
the length of actuators (usually error less than 0.1%). The error on the
specimen length becomes larger in the case of very small specimens but
these ones corresponding to highly deformed specimens are often broken
and Eq. 4.6 and Eq. 4.7 cannot be used for broken specimens.

The widths of the actuators and of the specimens face the same in-
accuracies coming from photolithography but, here, a 1µm variation
constitutes a significant error: the specimen width varies between 1µm
and 12µm and the actuator width is either 10µm or 15µm. Moreover,
as the etching selectivity is not infinite, both layers are etched during
the release step which can also slightly modify the widths. Actuator and
sample widths are thus measured by SEM at the highest possible mag-
nification that enables to see the entire width of the beams. For each
series of micromachines, the actuator and specimen widths are measu-
red on the less deformed structure (lowest strain). The initial width
is then considered to be the same throughout the series, hence taking
into account slight changes in width due to non-uniformity of lithogra-
phy or etching over the wafer. The measurements performed within
the SEM can be trusted provided that an appropriate calibration of the
measurement has been performed earlier. The accuracy of the measu-
rement is determined by the magnification used to perform the width
measurement. Typically, the error on the actuator and specimen width
measurement is around 100 nm. Note that in the case of crystalline ma-
terials like Al, the width is a mean value as the sides of specimens are
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not perfectly flat. This roughness is due to imperfections in photoli-
thography as well as Al grain size which is just one order of magnitude
smaller than the width of structures.

The thickness of the layers in the test structures are independent of
the design of the masks used for the photolithography. The thickness
depends on the deposition conditions (pressure, temperature, position in
the chamber, time,etc.). Thickness can vary from wafer to wafer within
the same batch and even from location to location over the same wafer.

The thickness of transparent layers such as silicon nitride are measured
by ellipsometry. Ellipsometry measures the polarisation change upon
reflection. This change is determined based on the layer properties,
including the thickness. The actuator layer thickness can thus be mea-
sured with an accuracy around one nanometre1. Ellipsometry does not
need patterning of the layer before the measurement. However, in order
to account for possible thickness variation over the wafer and because
the thickness can vary due to etching, ellipsometry measurements should
be performed after the release step. The only requirement in the design
is to have zones large enough to allow the measurement. The beams
in the micromachines are indeed too small in the width to be measu-
red by ellipsometry. Hence, large squares (1 mm x 1 mm) have thus
been designed all over the wafer. It must also be noted that post-release
measurement over large squares does not account for possible etching
below structures. Now, assuming etching rate are constant with time,
the final section of actuator beams can be calculated easily as described
in Fig. 6.1.

For the case of non-transparent layers, profilometry is used instead of el-
lipsometry. A sharp tip is moved vertically in contact with a sample and
then moved laterally across the sample for a specified distance and spe-
cified contact force. A profilometre can measure vertical displacement
with nanometre resolution as a function of position2. As a consequence,
profilometry does not directly measure the thickness of a layer but can
only measure steps. The thickness has thus to be measured after patter-
ning the layer. Again, due to the non-uniformity of the deposition and

1The ellipsometer used in this work was a Sentech 850.
2The profilometre used in this work was a Veeco Dekatk 150.
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Figure 6.1: Method used to determine underetching of actuators:

h0 is the initial thickness of the films, w is the width of the beam, h

and z are shown in the figure, t is the time spent in the etchant, vact

and vsacr are the etching rates of the actuator and sacrificial layer

material, respectively, and S is the final section of the actuator beam.
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Figure 6.2: Method used to determine the final thickness (h) of the

specimen beam by profilometry.

etching of the layer, profilometry should be used after the release step.
Large unreleased squares (1 mm x 1 mm) are located all over the wafer
in order to properly measure the specimen thickness. In this case, using
the bulk silicon of the wafer as a reference, the measured step is the com-
bination of the thickness of the sacrificial layer and of the thickness of
the specimen layer. The specimen thickness is obtained by subtracting
the sacrificial layer thickness which is measured by ellipsometry. The
profilometre can also measure the thickness of any patterned layer by
running the tip on cantilever beams, see Fig. 6.2. When the tip meets
a cantilever, it forces contact and stiction between the beam and the
bulk silicon which enables a thickness measurement. In this work, the
specimen layer being made of pure Al or AlSi, profilometry is used to
measure the specimen thickness and the accuracy is considered to be
around 5 nm.

6.2 Displacement measurement

The displacement (u) resulting from the partial release of the internal
stresses in the actuator beam has to be measured to determine the stress
and strain in the specimen. The smallest displacement is around a few
tens of nanometres (for short structures and small strain in the speci-
men) whereas the largest displacement occurs for the longest free actua-
tors (broken specimen and no more stress inside the actuator beam) and
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is around 6µm. Optical microscopy does not provide enough accuracy
to measure these displacements. Scanning electron microscopy (SEM)
is used instead. The main disadvantage of SEM comes from charging
effects. Indeed, the electrons from the beam can be evacuated only if
the exposed area is a metal which is connected to the ground3. For in-
sulating materials such as silicon nitride used for actuation, the charges
accumulate and are responsible for local distortion of the electron beam,
especially in the case of out of plane beams. FEG-SEM (Field Emission
Gun) is thus used as it allows working at small voltage (1 kV).

Nanometre resolution can be reached by SEM provided that proper ca-
libration has been performed. The resolution is strongly dependent on
the magnification used to do the measurement and on the quality of the
SEM. For each micromachine, the displacement measurement is perfor-
med next to the overlap between the actuator and specimen. Pairs of
cursors have been designed on each side of the actuators. These cursors
are 3µm by 2µm. The reference cursors are connected to the anchor4.
The moving cursors are connected to the actuator beam and are aligned
with the reference cursors prior to the release step. The contraction of
the actuator beam leads to the displacement between the moving cursors
and the reference cursors, see Fig. 6.3. The displacement being on the
order of a few micrometres, the highest magnification which still shows
the two types of cursors is around 20,000. The measurement is perfor-
med directly on the SEM picture and on both sides of the actuator. The
displacement is taken as the mean value of four measurements (u1 to
u4) as shown on Fig. 6.3. This enables to take into account possible
misalignment between actuator and specimen masks. The accuracy on
the measurement of the displacement is about 50 nm. This accuracy
results more from the limited resolution of photolithography than from
the resolution of the SEM. Indeed, cursors are not perfectly rectangular
as designed on the masks which makes it difficult to choose the right
pixel line for the measurement.

3In generation 4, all specimen parts (metals in this work) have been connected

together. It is then easy to create a bridge between any part of the specimen layer

and the ground (using silver paint).
4The anchors are the zones which are too large to be released from the substrate



108

Chapter 6. Determination of the geometrical, physical and mechanical

parameters for data reduction

10 µm

u1

u2

u4

u3

Figure 6.3: SEM measurements to determine the displacement u.
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6.3 Mismatch strain measurement

As explained in Section 4.2, the mismatch strain is the strain present in
a material after deposition on the substrate. Each material has its own
mismatch strain which depends on the material properties as well as on
the deposition conditions. Two mismatch strains are needed in Eq. 6.1
and Eq. 6.2.εmis affects the stress in the test specimen, see Eq. 6.2
and εmis

a affects the strain in the test specimen, see Eq. 4.6. Three
types of structures were designed on the actuator and specimen masks
in order to determine these two mismatch strains: rotating sensors, free
cantilever beams and auto-actuated micromachines. It must be noted
that He et al. [63] proposed a comparison of different techniques to
extract mismatch strain in thin layers. Rotating sensors are one of them,
but the two others are the most recent ones and first used in [7].

6.3.1 Rotating sensors

Following the design described in [66], rotating sensors were introduced
at different locations over the set of masks of generation 3. The de-
vice consists of two fixed beams and one rotating indicator beam (see
Fig. 6.4). Each fixed beam is connected to the substrate at one end
and to the indicator beam at the other end. When the fixed beams are
released from the substrate, they contract, see Fig. 6.4a, or extend, see
Fig. 6.4b, in order to relieve the tensile or compressive internal stress.
As the two fixed beams are slightly separated at the connection with the
indicator beam, any deviation along the length of the fixed beams intro-
duces a torque on the centre of the device causing the indicator beam
to rotate. The direction indicates the type of stress (tensile or compres-
sive) whereas the amplitude is proportional to the mismatch strain of
the constitutive material of the device.

He et al. [63] provide the following equation in order to extract the
mismatch strain from rotating sensors,

during the etching of the sacrificial layer.
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Indicator beam

(a)

Fixed beams

(b)

Figure 6.4: Rotating sensor design (a) tensile internal stress and

(b) compressive internal stress.

εmis =
D

2Lfixed

(

Lind + 1
2D
)δ, (6.3)

εmis mismatch strain of the material of the rotating sensor;

D distance between the two fixed beams;

Lfixed length of the two fixed beams;

Lind length of the indicator beam;

δ displacement at the tip of the indicator beam.

More accurate values can be extracted from finite element simulations
[66]. These structures were not used to determine the magnitude of the
mismatch strain in each layer. Indeed, inaccuracies in the photolitho-
graphic process, especially where indicator beam and fixed beams are
connected, can affect the rotation of the indicator beam [27] [66]. Mo-
reover, these structures become inaccurate for too large deflection, i.e.
large mismatch strain, or when plasticity occurs in the portion of the
indicator beam between the two fixed beams [66]. As the optimisation
of the design for a specific material as well as finite element simulations
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of the structure were needed, rotating sensors were not used to quantify
the mismatch strain of the actuator and of the test specimen material
in the context of the present work. Nevertheless, these devices were still
used to check the type of internal stress, i.e. tensile or compressive, and
to confirm the absence of internal stress in some layers (no deflection for
all structures) as in the case of pure Al in Section 9.2.

6.3.2 Free cantilever

When a thin film material is deposited, internal stress often develops.
The internal stress is not relaxed by the patterning if the dimensions
are much larger than the thickness and is relaxed in a very small re-
gion along the boundaries of the wafer with a width on the order of the
film thickness. If the pattern is a beam connected to an anchor on one
side, the beam experiences a strain such that it is longer (resp. shorter)
than the undeformed beam in case of tensile (resp. compressive) stress.
Releasing the internal stress in the thin film material by etching the sa-
crificial layer relaxes the beam to the unstressed position (Fig. 6.5). By
the comparison of the length of the beam before (strained beam) and
after (free beam) release provides the mismatch strain of the thin film
material. Note that the mismatch strain is the elastic strain correspon-
ding to the internal stress. It does not involve possible plastic strains
developing when the internal stress is larger than the yield strain. This
idea was already explained in Section 4.2. The mismatch strain for a
cantilever beam of length L0 is given by

εmis = ln
(

L0 − ufree

L0

)

, (6.4)

εmis mismatch strain of constitutive material of cantilever beam;

L0 initial length (before release) of cantilever beam;

ufree displacement of the free end of the cantilever beam after
release 5.

5Let us remind that ufree is considered to be positive if the thin film material

experiences tensile internal stress.
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Figure 6.5: Free cantilever beam which has experienced tensile in-

ternal stress before etching of the underlying sacrificial layer.

Theoretically, the mismatch strain extracted from equation (6.4) should
be the most accurate method provided that ufree can be measured accu-
rately. Indeed, no assumption is made in the determination of Eq. 6.4.
Only two parameters are needed. The length L0 is accurately known,
see Section 6.1, and the accuracy on displacement measurement can be
very good, see Section 6.2. Moreover as the error decreases with larger
values of both parameters, longer free cantilevers give better accuracy
on the mismatch strain measurement.

Now, in the practice, long free cantilevers cannot surely be used for such
measurements as minor internal stress gradients over the thickness give
rise to out of plane bending (Fig. 6.6). As out of plane displacement
cannot be measured (at least not accurately), only short cantilever sho-
wing no out of plane bending can be used. The accuracy on ufree is thus
usually too low for accurate determination of the mismatch strain.
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Figure 6.6: Out of plane bending of free cantilevers.

6.3.3 Single material auto-actuated test structures

In order to circumvent the problem caused by out of plane bending
occurring in free cantilevers, structures clamped on both sides were de-
signed. The concept is similar to the self actuated tensile stage concept,
see Fig. 4.1, but using a one-mask process. The double clamped beam
still involves two parts called actuator beam and specimen beam but the
material is the same for both beams, see Fig. 6.7. The actuator beam
is wider than the specimen beam. If the thin layer experiences a tensile
internal stress, the wider beam will contract and pull on the specimen
beam. Under the condition that all the parts of the structure stay in
the elastic regime, the structure reaches a stable equilibrium governed
by equation (6.5):

F = SaE

(−u

La0
− εmis

)

= SE

(

ln
(

L0 + u

L0

)

− εmis
)

, (6.5)
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Figure 6.7: Auto-actuated structure.

F force experienced by both beams when equilibrium is
reached;

εmis mismatch strain in the thin film material;

E Young’s modulus of the thin film material;

La0 and L0 length of actuator beam and specimen beam before
chemical release, respectively;

u displacement between current (before release) and ini-
tial (after release) position;

Sa and S final section of the actuator beam and of the specimen
beam, respectively.

Eq. 6.5 is similar to Eq. 4.5 but differently written. Here, the first
equality is from the actuator beam point of view whereas the second
equality is from the specimen beam point of view. Together, these two
equalities provide a relationship independent of E, linking the mismatch
strain εmis to the geometrical parameters as,
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εmis =
S ln

(

L0+u
L0

)

− Sa
−u
La0

S − Sa
, (6.6)

As all these geometrical parameters can be measured (see section 6.1),
the auto-actuated micromachine can be used in two different ways:

• Multiple structures can be designed with varying dimensions in
order to optimise the parameters that will give the most accurate
value for mismatch strain and in order to generate statistical data.

• Assuming that both the mismatch strain and the Young’s modulus
of the material are known, these structures can be used to extract
the mechanical properties of the thin film material by using equa-
tions (6.1) and (6.2).

It must be noted that extracting the stress in the specimen beam using
auto-actuated structures is possible only if the Young’s modulus of the
material is known. Indeed, Eq. 6.2 needs the Young’s modulus of the
actuator material which is the same as the specimen material here. The
Young’s modulus should be determined by another technique such as
nanoindentation (see Section 6.4). In Fig. 6.8a, the stress-strain curve
of a 130 nm-thick Si3N4 film is extracted from a set of auto-actuated
structures. This curve was obtained assuming that the Young’s modulus
of Si3N4 was 240 GPa and that the mismatch strain was equal to −0.0032
(extracted from a free cantilever). The error bars in Fig. 6.8a account
for the error coming from the displacement measurement only. The
error on the strain becomes important for the smallest specimens which
experience the largest strain. Indeed, for these specimens the length of
the dogbone part becomes non negligible compared to the length of the
specimen and finite element analysis should be performed to determine
the strain in the uniaxially deformed zone. As a consequence, the non-
linearity of the curve in Fig. 6.8a for the largest strain comes rather
from a poor design than from a true material characteristic (non-linear
elasticity or plasticity).

Even if the Young’s modulus is not very well known, the stress-strain
curves obtained with auto-actuated structures are still useful in order
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Figure 6.8: Data obtained from a 130 nm-thick Si3N4 film: (a)

true stress - true strain curve obtained with E = 240 GPa and

εmis = −0.0032 (b) calibration of the mismatch strain by imposing

the stress-strain curve to meet the origin of the axis.

to determine the mismatch strain. The slope of the elastic part of the
stress-strain curve cannot be calculated accurately as it depends on the
value selected for the Young’s modulus. However, what is known for sure
is that the elastic line should meet the origin of the axis. The mismatch
strain can thus be calibrated in order to meet this condition. This is
performed in Fig. 6.8b where the upper line corresponds to a mismatch
of −0.0032 as what was used in Fig. 6.8a. Calibration of the mismatch
strain in order to meet the origin of both axis gives a mismatch strain
equal to −0.002995.

The developments concerning auto-actuated structures were essentially
conducted in order to determine the mismatch strain of the actuator
material (silicon nitride here). Note that these structures cannot be used
for compressive internal stress leading to the buckling of the beams.
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6.4 Young’s modulus measurement

Proper extraction of the stress in a specimen beam of an on-chip test
structure requires the Young’s modulus Ea of the actuator material as
stated by Eq. 6.2. In [7], a method is proposed to extract the Young’s
modulus of a layer (Ef ) from the measurement of both the elastic strain
in the layer (εel

f ) which is equal and opposite to the mismatch strain,
and of the residual stress (σf ) in the layer. These three parameters are
linked through Eq. 6.7:

Ef =
σf (1 − νf )

εel
f

, (6.7)

where νf is the Poisson ratio of the film.

In [7], this method has been used on silicon nitride films similar to the
films used in this work. The internal stress is extracted using the wafer
curvature measurement method described in Section 6.5. The elastic
strain is extracted by the same methods as the ones detailed in Sec-
tion 6.3. The accuracy of the method is very much dependent on the
accuracy of the metrology used for the displacement measurements invol-
ved in curvature measurement (for σf ) and displacement measurement
(for εel

f ).

A more conventional method to extract the Young’s modulus of a thin
film layer is to perform depth sensing nanoindentation as described in
Section 2.1.1. In [7], nanoindentation of the films is performed using
an add-on force transducer from Hysitron Inc. with a Berkovich tip
mounted on a conventional Atomic Force Miscroscope (AFM). Oliver
and Pharr method [99] is used and gives a Young’s modulus equal to
241 GPa.

Now, as already stated in Section 2.1.1, the extracted Young’s modulus
can be very dependent on the indentation depth:

• In the case of too small indentation depth, the small indented
volume can result in too low accuracy. Moreover the roughness
might have an impact on extracted data.
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• In the case of too deep indentation, the nanoindenter tip may "feel"
the presence of the substrate.

No quantitative rule can be stated as the "too small" limitation depends
on the roughness of the film and the "too deep" limitation depends on
the stiffness mismatch between the substrate and the film.

To have more insights in the best indentation depth that can be used to
extract the Young’s modulus of a particular film, use can be made of the
Continuous Stiffness Measurement (CSM) [1]. This mode was developed
by Agilent Technologies and has been available on a new nanoindenter
set-up6 operational in our lab since the beginning of the year 2011. The
CSM mode consists in applying a load to the indenter tip to force the tip
into the surface while simultaneously superimposing an oscillating force
with a force amplitude generally several orders of magnitude smaller
than the nominal load (extracted from [1]).

The CSM mode has been successfully used for indentation of a 440 nm-
thick Si3N4 film. The output is a graph showing the evolution of the
Young’s modulus as a function of the indentation depth in the film as
shown in Fig. 6.9. The uncorrected modulus is the Young’s modulus
extracted by Oliver and Pharr method while the corrected modulus is
the "real" Young’s modulus of the film obtained by a model which takes
into account the presence of the substrate [61].

On the apparent modulus in Fig. 6.9, it is clearly seen that very small
indentation depth (∼ 2%) cannot capture a defined value of the Young’s
modulus essentially due to surface effects. As the indenter penetration
increases, the apparent modulus is increasingly influenced by the pre-
sence of the softer substrate (Young’s modulus of silicon = 180 GPa).
There is no range of the indentation depth for which apparent modulus
is independent of the substrate or in other words, no plateau is reached.
On the contrary, the corrected modulus enables to reach a plateau bet-
ween 10% and 40% of the normalised indentation depth. This plateau
value can thus be considered as the real Young’s modulus of the thin
film material.

6The nanoindenter is a G200 Agilent Techologies.
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Figure 6.9: Young’s modulus as a function of the normalised inden-

tation depth in a 440 nm-thick Si3N4 film.

6.5 Internal stress measurement

When a material is deposited on a substrate, internal stresses often de-
velop. These residual stresses can be divided into two broad categories:

• Intrinsic stresses are the stresses arising from growth on the sub-
strate. These stresses are strongly dependent on the deposition
conditions and are usually due to the fact that the deposition oc-
curs under non-equilibrium conditions;

• Extrinsic stresses arise from the changes in the physical environ-
ment of the film material after the growth process. They include
the thermal contribution which arises as a consequence of the dif-
ference in thermal expansion coefficient between the film and the
substrate.

Many mechanisms for stress generation in thin film deposition on thick
substrate have been proposed, e.g. [26] for a detailed review. Generally,
stresses result from a combination of these mechanisms. No matter the
mechanisms involved, a thin stressed layer on top of thick substrate will
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induce a change of curvature of the substrate. The solution for a bilayer
under equibiaxial condition is analytic as long as the layers remain elastic
and the in plane dimensions are much larger than the thickness. When
the stiffness of the film is much smaller than the stiffness of the substrate,
the solution can be expressed in the following way known as Stoney’s
formula [118]:

σ =
1
6

Es

1 − νs

t2
s

tf

(

1
Rpost

− 1
Rpre

)

, (6.8)

σ stress in the film;
Es

1−νs
biaxial modulus of the substrate material;

ts thickness of the substrate;

tf thickness of the film;
1

Rpre
initial curvature of the substrate;

1
Rpost

final curvature of the substrate.

The film properties film do not enter Eq. 6.8 which remains valid if the
film does not deform in a linear elastic way.

Although the internal stress is not a parameter entering Eq. 6.1 and
Eq. 6.2, wafer curvature measurement using Eq. 6.8 is performed in
order to monitor the deposition steps. Stoney equation can be used
in this work as the substrates are very stiff, i.e. 380µm-thick with a
high Young’s modulus, compared to all the layers under investigation
with thickness below 1µm. The biaxial modulus of silicon is equal to
180 GPa [65]. The thickness of the substrate is considered to be uniform:
specifications of the silicon wafers claim for a Total Thickness Variance
(TTV) of 5µm. One thickness measurement is performed for each wafer
with a palmer. The accuracy of the device (' 10µm) is lower than
the TTV. The thickness of the film is measured either by ellipsometry
or profilometry depending on the material deposited, see Section 6.1
for details. Again, the film thickness is assumed to be uniform over
the wafer. Finally, the initial and final curvature are measured with a
profilometre (Fig. 6.10). The tip is run in the middle of the wafer from
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(a)
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Figure 6.10: Wafer curvature measurement (a) before and (b) after

deposition.

the flat part to the other end as already sketched in Fig. 5.3a. The radius
of the measured profile is calculated using a least squares fit. Convex
and concave profiles give positive and negative radius, respectively.

In the case of multiple depositions, Eq. 6.8 can still be used as long as the
curvature just before the new deposit is taken as the initial curvature.
The stresses in each layer can thus be calculated using the Stoney equa-
tion. However, care must be taken as the change in curvature can result
from other contributions than the stresses generated in the last depo-
sited layer. Indeed, stress relaxation in the other layers can contribute
to the overall change in curvature. This is what happens when deposi-
ting LPCVD Si3N4 on PECVD SiO2. As the actuator layer deposition
is performed at high temperature (790◦C ), the stress in the SiO2 layer
can relax. Typically the stress decreases from 300 MPa in compression
to less than 100 MPa in compression. In order to properly measure the
change of curvature coming from the Si3N4 deposition, stresses in SiO2

have to be relaxed first. The wafer with the SiO2 layer is thus subjec-
ted to a 20 minutes heat treatment at 800 ◦C. The initial curvature in
Eq. 6.8 is then measured after the densification step so that the internal



122

Chapter 6. Determination of the geometrical, physical and mechanical

parameters for data reduction

stress in the sacrificial layer no longer evolves in the subsequent process
steps.

6.6 Error analysis

The uncertainties on all the parameters has some implications on the
level of accuracy of the extracted strain and stress in the specimen beam.
From the propagation of uncertainties described in the book of John R.
Taylor [119], the relative error on strain and stress is calculated in Eq. 6.9
and Eq. 6.10, respectively.

δεmech

εmech
=

√
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The values of the uncertainties on the different parameters are summa-
rised in Table 6.1. The resulting errors on the strain and stress depend
on the parameters of the micromachine considered. As a result the er-
ror varies from one test structure to the other. Generally speaking,
the error on the strain is relatively small in the lab on-chip concept as
the uncertainty on the displacement 50 nm is usually a lot smaller than
the displacement measured (a few micrometres). The mismatch strain
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Parameter
Measurement

method
Uncertainty

Displacement (u) SEM δu = 50 nm
Actuator Young’s modulus
(Ea)

Nanoindentation δEa = 10 GPa

Mismatch strain of specimen
and actuator material (εmis

a

and εmis)

Free cantilevers
or single
material

auto-actuated
test structures

δεmis
a = δεmis =

1.10−4

Length of specimen beam
(L0)

Not measured δL0 = 1µm

Length of actuator beam
(La0)

Not measured δLa0 = 1µm

Width of specimen and
actuator beam (w and wa)

SEM
δw = δwa =

100 nm
Thickness of specimen beam
(h)

Profilometry δh = 5 nm

Thickness of actuator beam
(ha)

Ellipsometry δha = 1 nm

Table 6.1: Summary of the uncertainties on the parameters required

for extraction of stress and strain in the specimen beam.

being the same for each specimen beam, the uncertainty on the mis-
match strain of the specimen material introduces a systematic error on
the strain measurement. Concerning the stress determination, the do-
minant sources of errors are the actuator Young’s modulus, the actuator
mismatch strain and the displacement measurement. The two first being
related to the actuator material properties, these are systematic errors
as the actuator layer is supposed to have uniform properties over the
wafer.





Chapter 7

Extensions of the method

This chapter presents additional features of the concept of self actuated
micro-tensile stage. These features concern the geometry of the speci-
mens (Section 7.1) as well as the process fabrication steps (Section 7.2),
with the aim to generate more insight in the mechanical behaviour of
thin film materials.

7.1 Notched samples

In chapters 4, 5 and 6, the focus was put on rectangular actuator beams
pulling on dogbone shaped specimen beams. This simple geometry gene-
rates uniform tensile tests where the behaviour of the specimen material
can be investigated from small elastic strain to large plastic strain. This
is true as long as the strain state inside the gauge section of the dogbone
specimen stays uniform. But under tensile loading conditions, plastic lo-
calisation by necking or shear banding can occur. In this case, the strain
is no more uniform along the specimen. Strain increases in the localised
region while the remaining of the specimen unloads elastically. The cur-
sors at the actuator tip give only a global displacement measurement but
cannot tell any information about the localised portion of the specimen
beam. After initialisation of any localisation phenomena, the specimen
can sometimes undergo significant straining before complete failure of

125
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Figure 7.1: Design of a notch specimen.

the material. Standard dogbone design is thus not suitable to investigate
the behaviour of a material after localisation.

In order to study the deformation behaviour until full fracture without
the artefacts resulting from the necking process, series of notched spe-
cimens have been designed. The specimen shape is depicted in Fig. 7.1
and different values for ligament (L) and notch radius (R) are envisaged.
Within one series the specimen shape is kept constant and the actuator
length is varied.

The strain field in the notched specimen is no more uniform, which
prevents the occurrence of necking. Cursors are still designed at the ac-
tuator tip and give information about the global force applied to the spe-
cimen similarly to standard specimens. But due to the non-homogeneity
of the strain field within the notched specimen, measurement of displace-
ment u is not sufficient to determine the strain. As no simple analytical
method is available to extract the strain field in the specimen, 3-D finite
element (FE) simulations are needed. For that purpose, Abaqus soft-
ware is used. The two required inputs are a mesh of the specimen and
a hardening law. The mesh needs to be highly refined in the near notch
tip region where the largest strains develop. The hardening law can be
extracted from uniform tensile testing via dogbone specimens.

Owing to the simple concept of actuating beams pulling on specimens,
any geometry can be imagined in order to create specific loading condi-
tions. Generation 2 set of masks aimed at testing many different designs.
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They include shear structures Fig. 7.2a, compression structures, biaxial
tensile structures Fig. 7.2b. Structures aiming at testing the material re-
sistance to damage were included by creating holes Fig. 7.2c or pre-crack
in specimens directly in the photolithography process. These structures
have not yet been optimised and further generations were dedicated to
tensile testing via standard dogbone geometry or notched specimens.
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Figure 7.2: Geometries created for various types of solicitations

including (a) shear structures, (b) biaxial tensile structures as well

as (c) structures with holes or pre-crack.
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7.2 Back etching for TEM observation

One of the advantages of dealing with thin films materials is that the use
of Transmission Electron Microscopy (TEM) requires almost no further
sample preparation for in-plane characterisation. Indeed, TEM speci-
mens are required to be at most 100 to 200 nm-thick (HRTEM requires
thinner specimen though). Higher atomic number elements being more
prone to electron interaction, the thickness has to be decreased for hea-
vier elements. In the case of Al samples, the maximum thickness is
around 200 nm. TEM is a powerful tool as it allows the characterisation
of the microstructure of each specimen i.e. grains, dislocations, voids,
etc. The mechanisms responsible for deformation and fracture of thin
films can thus be identified. Two methods were developed in order to
perform TEM analysis. The first one was post mortem analysis through
Focussed Ion Beam (FIB) cut specimens. The second one needed more
process development but allowed in situ observation.

7.2.1 Post-mortem observation

After release of the micromachines, one specimen is selected for TEM
observation. The specimen is cut on one side using FIB. It is then glued
on a micro-manipulator with a carbon deposit. FIB cutting is again
used at the other side of the specimen. Finally, the specimen glued to
the micro-manipulator is transferred on a TEM copper grid.

This technique offers direct TEM observation of the specimen from the
top. Every specimen can be observed this way without the need of par-
ticular processing in cleanroom. Thick films can be observed provided
they are first thinned down to 200 nm with the FIB. The main drawbacks
of this post-mortem analysis are the following:

• The use of micro-manipulator is delicate and care must be taken
in order to avoid breaking of the specimen.

• Only one specimen can be prepared at a time.

• TEM observations are made on an unloaded specimen.
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• As already stated in Section 2.2, the use of FIB can introduce
defects into the thin film specimen.

7.2.2 In situ observation

In order to avoid all the aforementioned problems, a window can be
etched on the backside of the wafer, allowing direct observation of the
entire specimen by TEM. The fabrication process is the same as the one
described in Section 5 until the patterning of the specimen layer (Sec-
tion 5.4). The active face of the wafer is then covered with a protective
resist. Grinding is then used to thin down the substrate to 200µm.
After grinding, a positive photoresist is deposited on the back face and
patterned (SPR2020 (4.5µm)). This requires a specific mask that is de-
signed to create windows under the structures of interest and to pre-cut
the TEM samples (Fig. 7.3).

The etching of the silicon is performed using a modified Bosch process.
This process alternates repeatedly between two modes to achieve nearly
vertical etching:

1. Nearly isotropic plasma etching (Fig. 7.4b).

2. Deposition of a chemically inert passivation layer (Fig. 7.4c).

The passivation layer protects the entire substrate and prevents further
etching. During the etching phase, the directional ions that bombard the
substrate attack the passivation layer at the bottom of the trench (but
not along the sides). They collide with it and sputter it off, exposing the
substrate to the chemical etchant. These etch/deposit steps are repeated
many times in order to perform deep etching of the silicon wafer.

The initial grinding of the substrate is performed because Bosch process
cannot create perfect vertical trenches for more than 200µm and because
the final sample cannot be too thick for the chamber of the TEM. This
step can however be avoided by using thinner substrates from the begin-
ning of the process. In this case, extra care must be taken through the
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(a)

500 µm

(b) (c)

Figure 7.3: Design of back etching mask: (a) 3D schematic view,

(b) processed sample top view, (c) processed sample back view.
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(a) (b) (c)

(d) (e) (f)

Figure 7.4: Steps in a Bosch process: (a) initial configuration, (b)

first etching step, (c) first passivation step, (d) second etching step,

(e) after a few cycles, (f) final configuration.

whole process due to the fragility of the substrates but this alternative
proved to give the best results.

The etching of silicon is stopped when the sacrificial layer is reached
(Fig. 7.4f). The standard process is continued with the release of the
sacrificial layer (Section 5.5) and the critical point drying (Section 5.6).
After drying, the pre-cut samples can be separated from the wafer by
cutting the remaining tethers. Those samples can be directly put in a
TEM for analysis.

This process offers many advantages over the previous method:

• Many specimens can be prepared at the same time depending on
the design of the back etching mask.

• Specimens are not unloaded for TEM observation.

• As no FIB is being used for the sample preparation, no defects are
introduced in the specimen material.
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Apart from the more complex fabrication process (need for a specific
mask), the main drawback with this technique is the manipulation of
very brittle 200µm-thick silicon wafers.

This technique cannot still be called in situ as the load is not modified in
the TEM chamber. Some authors [87] were able to conduct true in situ
tensile tests in TEM by the use of an external loading device. In order to
perform in situ tests, the idea here was to add a small increment of strain
in the TEM by decreasing slightly the temperature. Due to their thermal
expansion coefficient, all the materials present in the TEM chamber (i.e.
Si substrate, Si3N4 actuators and Al specimens) will contract. Thermal
expansion coefficient of Si3N4 and Al being a priori larger than the one
of silicon, actuators and specimens will contract more than the silicon.
This should result in an increase in the stress and strain experienced by
each specimen. Monitoring of the temperature should enable to control
the load on a pre-loaded specimen. However, the cooling of the speci-
mens shaped like the ones of Fig. 7.3 from room temperature down to
−150 ◦C did not show evidence of additional loading. This was attri-
buted to the fact that the thermal expansion coefficients (CTE) evolve
with temperature. If this evolution is known for silicon [43], it is not
the case for silicon nitride. The CTE of Si and Si3N4 are probably not
that much different below room temperature which does not provide the
expected thermal loading. Other actuating materials should be used to
validate the technique but no further attempts were made in the context
of this thesis. In situ TEM observations of the microstructure evolution
could be performed in this way.
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Part III presents and discusses the results generated with self actuated
micro-tensile stages in order to study the mechanical response of pure Al
and AlSi(1%) films. Chronologically, most of the work was first devoted
to the study of pure Al films. The goal was to prove the ability of the
technique to extract the mechanical properties of a thin film material.
Most of the process and design improvements were made based on pure
Al testing. The fast relaxation phenomena occurring in pure Al even
at room temperature (see Section 9.2) did not permit to measure the
hardening law but still interesting data about the ductility of the films
were obtained. In order to benefit from the process specifically optimi-
sed for Al, it was decided to use a similar film material as a proof of
concept. AlSi(1%) was thus selected as it was expected to involve slower
relaxation. The results and analysis on AlSi are presented first (Chapter
8) as they illustrate better the test procedures developed in part II. The
results and analysis of pure Al films are presented afterwards in Chapter
9.





Chapter 8

Mechanical response of Al-Si thin

films

8.1 Materials and experimental procedures

AlSi(1%) films were deposited by sputtering using a reactor similar to
the one depicted in Fig. 5.6 in Section 5.4. The AlSi target is always
the same so that no other material should be found in the deposition
chamber. The chamber pressure prior to argon admission is 1.10−7 mbar
and reaches 3.10−3 mbar during deposition. Twelve substrates can be
deposited at a time. The wafers rotate around two axis to ensure uniform
deposition. Substrates are heated to 250 ◦C prior to deposition and the
deposition rate is fixed to 6 Ås−1. The only varying parameter from one
deposition to another is the duration of the deposition process which
allows monitoring the thickness of the film.

For each process involving AlSi(1%) test structures, one blanket wafer
is added at the metallisation step. After AlSi deposition, this blanket
wafer is used for internal stress measurement using the wafer curvature
method (see Section 6.5). The processed wafers are patterned using
positive lithography (Fig. 5.4) and plasma etching as already stated in
Section 5.4.

Three films thicknesses were investigated in the present study: 205 nm,
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415 nm and 1080 nm. Most of the analysis will be performed on the
thinnest film. The two other film thicknesses involved particular proces-
sing conditions. In the case of the 415 nm-thick film, just after etching
of the AlSi with a Cl2 and CCl4 plasma, the wafers were put for 10 se-
conds in a solution of HF, HNO3 and acetic acid. This step was initially
performed to etch the silicon content of the Al as the plasma recipe
is "designed" for etching of pure Al. Unfortunately, the etching solu-
tion was found to damage the edges of the newly patterned specimens
(Fig. 8.1a) as well as the actuator material. The geometry of the beams
is thus affected and the accuracy of the measurements is decreased. In
the case of the 1080 nm-thick film, SEM analysis revealed a sponge-like
microstructure (Fig. 8.1b) very different from standard sputtering mor-
phology. Moreover, the thickness of the actuator layer in this last case
was too small to induce significant straining of the specimen material.
In the following, the mechanical properties of the three deposited films
are presented but care must be taken when interpreting the data on the
415 nm and 1080 nm-thick films.

2 µm

415 nm-thick film: top view

(a)

200 nm

1080 nm-thick film: side view

(b)

Figure 8.1: SEM pictures showing (a) the non uniform edges of

the 415 nm-thick AlSi film and (b) the unusual microstructure of the

1080 nm-thick AlSi film.
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8.2 Stress-strain curve analysis

The strain-strain curves presented in this section will be identified as be-
longing to a "Tx-y" set of structures. As already stated in Section 4.4.6,
a "Tx-y" set of structures consists of 30 micromachines named from 1
to 30 with x being the width of the actuator beam in micrometres, y
being the width of the specimen beam in micrometres. Micromachine
1 corresponds to the least deformed specimen beam whereas microma-
chine 30 is the most deformed one. In generation 3, the test structures
of a series have the same total length (actuator + test specimen). The
total length is 500µm, 1000µm, 1500µm or 2000µm. Structures with
the same number should provide the same point in a stress-strain curve
independent of the total length of the test structure. The only difference
lies in the displacement measurement which should scale with the length
scaling factor. Here, only the results on the longer structures (2000µm)
are provided giving the most accurate measurements. In some cases,
smaller structures sustain higher strains (see Section 9.3.1). In this par-
ticular case, the information available in the smaller structures is added
to the longer ones.

The stress-strain curve of Fig. 8.2 is obtained from a "T10-6" set of
structures of a 205 nm-thick AlSi film. True stress and true strain in
each specimen beam are extracted using Eq. 4.7 and Eq. 4.6 presented in
Section 4.2. The 23 first tensile stages in the set are deformed while the
7 last are broken, with failure taking place inside the specimen beam.
A test structure "24" from the 1500µm-long set and a "25" from the
1000µm-long set were found to sustain a higher deformation. They
have thus been added to the stress-strain curve. All further stress-strain
curves are obtained following the same procedure.

The Young’s modulus of AlSi(1%) was measured by nanoindentation on
a 1080 nm-thick AlSi film and found equal to 70 GPa. The elastic line
corresponding to this Young’s modulus has been added to Fig. 8.2. One
can see that even the less deformed structure lies outside the linear re-
gime, at a stress equal to ∼150 MPa. The biaxial stress was measured on
a blanket wafer with the same deposit and wafer curvature measurement
using the Stoney equation Eq. 6.8 provided a tensile internal stress value
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Figure 8.2: True stress-true strain curve obtained from a "T10-6"

set of structures of a 205 nm-thick AlSi film. The fitting is performed

using a Voce law.

around 270 MPa. This high value comes essentially from the fact that
the deposition was performed at 250 ◦C and that the thermal expansion
coefficient of AlSi (2.1 10−5◦C−1) is higher than silicon (2.3 10−6◦C−1).
The absence of data in the linear regime indicates that internal stress is
probably higher than the yield strength of the film. As a matter of fact,
Fig. 8.3 depicts the different cases that can be encountered. It must be
noted that the biaxial internal stress measured by wafer curvature has
to be mutiplied by 1 − ν, ν being the Poisson ratio of the film material,
in order to get the internal stress experienced by a uniaxial beam.

When the internal stress is higher than the yield strength of the test
material, data in the elastic regime can be extracted only if unloading of
the internal stress occurs. This happens only if a negative displacement
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elastic regime
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plastic regime

Figure 8.3: Different situations that can arise when releasing struc-

tures of a material deposited with tensile internal stresses. σint is

the tensile internal stress, σy is the yield strength and u is the dis-

placement measurement.

is measured, that is, if the specimen beam pulls on the actuator beam
(Fig. 8.3c). Negative displacement never occurred with the design of
generation 3 and 4 set of masks for all the AlSi films tested. It means
that in all cases, the deformation contribution coming from the actuator
is positive and is added to the mismatch strain of the specimen material
(Fig. 8.3a, b and d).

The concept of internal stress actuated micro-tensile stages is thus not
suitable for extracting the elastic behaviour in this particular case. Ho-
wever, the plastic regime is well captured from 0.4% of deformation until
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specimen failure. The error bars in Fig. 8.2 are derived from the error
made on the measurement of the displacement u (accuracy = 50 nm). It
must be noted that the Young’s modulus (E) and the mismatch strain
(εmis

a ) of the actuator material as well as the initial cross-sections of
the actuator (Sa0) and of the specimen beams (S0) are considered to be
constant over the entire set of structures. These parameters affect only
the stress determination and any error would translate the stress-strain
curve vertically. Similarly, the mismatch strain of the specimen mate-
rial (εmis) is considered to be constant over the measured structures.
An error on that parameter would translate the stress-strain curve hori-
zontally. The constant values taken for the above parameters is justified
by the fact that all structures are located on an area of a few square
millimetres. Variations in the properties or geometry of the films over
such a small area are not expected. The different values of the constant
parameters used for the three studied AlSi films are shown in Table 8.11.

Due to the discrete nature of the technique, the complete behaviour of
the film is not known but the number of points is sufficient to allow
proper fitting. A Voce law (see Eq. 8.1) is shown to fit very well with
the data in Fig. 8.2. It must be noted that with the present technique,
the 25 points of Fig. 8.2 are extracted from 25 different tensile test
structures. The stress-strain curve can thus be viewed as a mean stress-
strain curve giving a statistically representative behaviour of the film
material. From that curve, the engineering yield strength corresponding
to 0.2% of plastic deformation is found to be around 140 MPa which
corresponds approximately to the first data point. The strain hardening
capacity is analysed further and together with the 415 nm-thick film (see
Fig. 8.5). The maximum strain observed (4.7%) is a good approximation
of the fracture strain. However, imperfections in the specimen beams can
affect the maximum strain as fracture occurred earlier (at smaller strain)
for longer specimens beams. There is indeed an increasing probability
of having larger imperfections for longer specimens. Hutchinson and
Neale [69] have shown that plastic localisation is triggered earlier in the

1The mismatch strain of the AlSi was not measured in the case of the 415 nm-thick

film and was chosen so that the "elastic" points fit in the slope of the Young’s modulus

measured by nanoindentation.
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Film thickness 205 nm±5 415 nm±5 1080 nm±5
Set of structures "T10-6" "T10-6" "T10-2"
εmis extracted from
free cantilever
beams [-]

3.2 10−3 ± 1
10−4

1 10−3 ± 1
10−4

0.8 10−3 ± 1
10−4

εmis
a extracted from

auto-actuated
micromachines [-]

3.0 10−3 ± 1
10−4

3.0 10−3 ± 1
10−4

3.0 10−3 ± 1
10−4

E considered
(extracted from
nanoindentation of a
300 nm-thick Si3N4

film [7]) [GPa]

240 240 240

Biaxial internal
stress (Stoney)
[MPa]

' 270 ' 210 ' 200

Table 8.1: Parameters used for extraction of the stress-strain curves

of the three AlSi film thicknesses with results given in Fig. 8.2,

Fig. 8.4 and Fig. 8.6. The internal stress in the AlSi film is added

at the end of the table but is not used to determine the stress-strain

curve.
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presence of imperfections. The influence of imperfections on the ductility
is not studied for AlSi films but is analysed later for the case of pure Al
films in Section 9.3.

σ = σ0 − (σ0 − σs) exp(kε) (8.1)

where σs is the saturation stress, σ0 is the true stress at the onset of
plastic deformation, k is a constant and σ and ε are the true stress and
true strain in the specimen, respectively.

The stress-strain curve of the 415 nm-thick AlSi film is given in Fig. 8.4
and comes from a "T10-6" set of structures. The internal biaxial stress
measured on a blanket wafer was a approximately ∼200 MPa. The yield
strength can be determined as some points of the stress-strain curve lie in
the elastic regime. This means that the stress consecutive to deposition
was not high enough to cause permanent deformation in the film and
the situation is similar to the one depicted in Fig. 8.3a and b. The yield
strength corresponding to the loss of linearity of the stress-strain curve
(σ0) is determined to be around 195 MPa whereas the engineering yield
strength is around 220 MPa. The higher yield strength observed in the
thicker film is unexpected as it is opposite to what is reported in the
literature. It will be discussed later.

For both the 205 nm-thick and the 415 nm-thick films, the stress in-
creases significantly before fracture indicating a high strain hardening
capacity. The strain hardening capacity evolution is shown for both
films in Fig. 8.5. Two characteristic strain hardening parameters are
defined:

• the hardening rate Θ = dσ/dεp

• the incremental strain hardening exponent nincr = d ln σ/d ln εp.

In the definition of both parameters, εp is the plastic strain.

In Fig. 8.5a, Θ is plotted as a function of σ −σy where σy is the enginee-
ring yield strength. Θ exhibits an initial value one order of magnitude
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higher than what is usually reported for polycrystals [79]. The maxi-
mum expected hardening rate is indeed about E/50 for a polycrystal
with micron-sized grains which would be around 1.4 GPa in the case
of AlSi. Similarly to the results on evaporated Pd films [70] [15], this
high initial value indicates that regions of the film still behave elastically
while other regions deform plastically giving rise to a large elastoplas-
tic transition. This long elastoplastic transition has been analysed for
instance by Verdier et al. [68].

Fig. 8.5b shows the variation of nincr for both films. nincr first reaches
a maximum (' 0.5) then decreases as plastic deformation proceeds in
the case of the 205 nm-thick film. For the 415 nm-thick film, nincr stays
between 0.1 and 0.15. The value reached by this parameter for both
films are much larger than what is currently reported for nanocrystalline
materials. The initial high strain hardening is the result of the strong
initial kinematic hardening contribution.
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thick AlSi films.

The dotted line in Fig. 8.5b shows the Considère criterion which predicts
that necking initiates when the plastic strain is equal to nincr. Obviously,
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the criterion is not reached and fracture occurs earlier. This can be
explained by the presence of imperfections in the specimen beams. From
that point of view, a ductility size effect cannot be analysed for the two
considered films. Indeed, the high imperfection density in the 400 nm-
thick film (see Fig. 8.1a) suggests that the ductility of this film could
have been larger with a reduced concentration of imperfections. These
imperfections were inherent to the non-standard processing conditions
of the 400 nm-thick film. A proper comparison with the 205 nm-thick
film should be performed on another batch involving similar process
conditions. This has not been done as the focus was put on another
phenomenon affecting AlSi films and described in Section 8.3.

The stress-strain curve from the 1080 nm-thick AlSi film is given in
Fig. 8.6 and comes from a "T10-2" set of structures. This set is the
only one for which a displacement could be measured. The actuator
layer involved in this process was indeed too thin to induce enough dis-
placement. The error on stress and strain is thus larger than for other
stress-strain curves and fracture could not be attained within this set.
Moreover, the particular morphology of the deposit and the difficult et-
ching procedure (large thickness to be etched) suggest that this batch
was probably a "one shot result" and could not be exactly reproduced.
However, the stress-strain curve is shown in Fig. 8.6 to show the ability
of the technique to extract the elastic properties of a thin film mate-
rial when its internal stress is far below its yield strength. The yield
strength of the 1080 nm-thick film is indeed quite high (∼450 MPa) and
again higher than thinner films. But, as this value is far larger than the
internal stress measured by the wafer curvature method (202 MPa), a lot
of structures lie in the elastic part of the curve. The slope of this elastic
part is similar to the Young’s modulus extracted by nanoindentation.

The increased yield strength of the 1080 nm-thick AlSi film with res-
pect to the 205 nm-thick AlSi film is apparently contradictory to the
Nix-Freund model [96] which predicts a 1/h dependence of the thick-
ness strengthening (h being the thickness of the film). However, the
thickness is not the only parameter influencing the yield strength and
the full microstructure should be taken into account. TEM observations
have thus been made on the two films to determine the grain size and
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morphology2. Fig. 8.7a shows a TEM top view from a 205 nm-thick
AlSi structure extracted with the post-mortem technique described in
Section 7.2.1. The grain size is approximately equal to 200 nm, with
only one grain over the thickness. Surprisingly, the TEM pictures did
not reveal any Si precipitate in the Al matrix. The solubility of Si in Al
is indeed very low at room temperature and the phase diagram illustra-
ted in Fig. 5.7 of Section 5.4 claims for a two-phases alloy in the case
of AlSi(1%). A possible explanation could be that the deposition of
the Al alloy did not occur under equilibrium conditions. The Al would
then be supersaturated in Si. A more probable explanation would be
that the silicon gathers in nanoclusters in the volume of the grains or at
grains boundaries. These clusters could only be observed by performing
high resolution (HR) TEM pictures or by observing dislocations pinned
by these clusters. The 1080 nm-thick AlSi film being too thick to be
transparent to electrons, a cross-sectional FIB thin foil was prepared for
TEM investigation. Fig. 8.7b is a TEM picture from the thin foil which
reveals a columnar structure with a lateral grain size of 200 nm. The
grain sizes of the two films are thus similar and only the thickness, and
thus the grain aspect ratio, differs from one film to the other.

In an attempt to understand the size-scale plasticity in geometrically
confined systems such as thin films, Espinosa et al. [34] [31] provided a
possible explanation for the particular behaviour observed in AlSi. They
indeed conducted 3D Discrete Dislocation Dynamics (DDD) simulations.
They assume that for the grain size considered (200 nm) plasticity occurs
by dislocation motion and that the dislocation sources are located at the
grain boundaries. The grain boundaries are considered as impenetrable
to dislocations whereas the top and bottom faces are considered as free
surfaces (freestanding film). The simulations reveal that once activated,
the dislocation sources propagate in their slip plane and are either ab-
sorbed by free surfaces or stored at grain boundaries. For a fixed grain
size (200 nm) and four different thicknesses (200 nm, 400 nm, 600 nm and
1000 nm), the DDD simulations were able to capture an increased strain

2Unfortunately, no grain size analysis was performed on the 415 nm-thick film.

The further size effect analysis is thus performed based on the TEM observations

from the 205 nm-thick and 1080 nm-thick AlSi films.
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200 nm

(a)

500 nm

(b)

Figure 8.7: TEM pictures extracted from AlSi films (a) Top view

from a 205 nm-thick AlSi structure and (b) Cross-section view from

1080 nm-thick AlSi film. In the two cases the grain size is around

200 nm with one grain over the thickness (columnar structure).

hardening and yield stress when decreasing the thickness. Espinosa et
al. [34] provide two reasons in order to explain this size effect:

• The 200 nm-thick film possesses less grain boundary area and hence
a lower probability of dislocation nucleation at a given stress than
the thicker films.

• For smaller thicknesses there is a higher probability for the disloca-
tions to encounter free surfaces and be partially adsorbed by them,
which results in a smaller available free path and consequently in
a smaller potentiality for the dislocations to generate plastic strain
by sweeping area inside the crystal.

However, the aspect ratio of the grains can alter the second effect. In-
deed, for the thickest films (highest aspect ratio), there is a higher proba-
bility for dislocations to intersect with one another and, therefore, form
junctions and networks. This event produces an increase of the internal
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stress (back stress) during the deformation process and, hence, an obs-
tacle to further dislocation nucleation. As a consequence, thicker films
with high aspect ratio can experience a slight increase of the flow stress.
This model does not necessarily fully applies to the case of the AlSi film
analysed here. Indeed, it is not sure whether the grain boundaries are
completely impenetrable to dislocations. In addition, the hypothesis of
free surfaces might be discredited by the presence the native oxide layer
on the Al alloy. The aspect ratio size effect is probably not sufficient to
explain the increased yield stress in the 1080 nm-thick AlSi film compa-
red to the thinner ones. Nevertheless, it emphasises the need of TEM
to correlate the mechanical behaviour to the microstructure.

8.3 Strain rate sensitivity

In Section 8.2, all the stress-strain curves are extracted by measuring
the equilibrium position defined in Fig. 4.4 of Section 4.2. This equi-
librium position is reached almost instantaneously after the release of
the structures but the measurement is performed after the rinsing and
drying step which last for about one hour. If the tested material expe-
riences a time dependent response, the equilibrium position will evolve
with time giving access to the rate sensitivity exponent and the activa-
tion volume of the tested material. This section aims thus at explaining
the procedure to extract these parameters and analyses the data on the
205 nm-thick film3.

8.3.1 State of the art

The enhanced strain rate sensitivity of nano-grained metallic materials
with respect to coarse-grained metals has been repetitively reported in
the recent literature [30] [114] [132]. The mechanisms responsible for
this strain rate sensitivity involve thermally assisted dislocation nuclea-
tion and glide mechanisms, diffusion creep, grain boundary migration

3This section derives mainly from a paper which is going to be published in Review

of Scientific Instruments [18].
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and grain growth. These thermally activated mechanisms lead to stress
relaxation and creep, negatively impacting the reliability of devices and
coatings made with these materials when subjected to internal stresses
or to constant external forces. Furthermore, an enhanced strain rate
sensitivity has a marked positive impact on ductility, e.g. Neale and
Hutchinson in [69], which is a key property in many applications such as
in flexible electronics, and in forming of coated sheets. High throughput
reliable testing procedures for measuring the rate dependent deformation
on nanoscale samples are thus heavily needed. The existing methods are
reviewed in this section.

Two parameters are generally used to describe the time dependent per-
manent deformation response effect of materials: an empirical rate sen-
sitivity exponent (m) and the activation volume (Vact). The rate sensi-
tivity exponent is defined as:

m =
∂ ln σ

∂ ln ε̇p
(8.2)

where σ is the stress in the material and ε̇p is the applied plastic strain
rate.

The activation volume is defined as:

Vact = MkBT
∂ ln ε̇p

∂σ
(8.3)

where σ is the stress in the material, ε̇p is the plastic strain rate, T is the
temperature, kB is the Botzmann constant and M is the Taylor factor
which connects the macroscopic tensile stress to the microscopic resolved
shear stress. Vact is usually given in units of b3, b being the length of the
Burgers vector of the material. This definition of an activation volume
is based on an assumed Arrhénius law for thermally activated mecha-
nisms controlled by the local shear stress. The value of M is known to
be 3 in FCC metals with randomly oriented large grains where plasti-
city is controlled by dislocation glide. In thin film testing, grains are
small, and thin films are usually textured and the mechanisms involved
are probably not limited to dislocation glide. A value of

√
3 for M is
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generally reported in the literature [131] [132]. Now, if the deformation
mechanism is controlled by something else than dislocation (e.g. diffu-
sion) the value of M is different. As the controlling mechanism cannot
be guessed a priori, activation volume will be normalised by the Taylor
factor in the following.

Extraction of these two parameters in thin films requires performing
tests at different strain rates. There are three main categories of me-
thods.

• The first category involves strain rate jump experiments. In these
experiments, the specimen is deformed under constant strain rate
ε̇1 up to a stress σ1(ε̇1). The strain rate is then increased very
rapidly to a value ε̇2 associated to a stress σ2(ε̇2). The jump in
the strain rate is performed fast enough so that the microstructure
before and after the jump remains the same. A variant of the strain
rate jump test simply consists in performing tensile or compressive
tests at different rates.

• The second category involves stress relaxation tests where a fixed
displacement (or strain) is imposed to a specimen while the load
evolution is recorded as a function of time.

• The third category corresponds to creep tests, where a fixed load
is imposed to the specimen while the displacement is recorded as
a function of time.

In the two last categories, the microstructure evolves during the test
which must be taken into account when analysing the data. Any com-
bination of these elementary testing methods can be used.

Whatever the selected test method, the transfer of the classical macro-
scopic techniques to small scale samples leads to instrumentation diffi-
culties due to the small force and displacement values that have to be
measured or controlled accurately while ensuring that the electronics
remains stable over long period of time. Thermal drift effects are often
a key issue. Extracting values of the rate sensitivity involves taking de-
rivatives of strain rate versus stress which puts a burden on the level
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of accuracy that must be attained. Other difficulties involve the mani-
pulation of the very small samples, the alignment of the specimens, the
measurement of the dimensions of the specimens and the production of
minimum geometrical imperfection.

Strain rate jumps tests, under uniaxial tension, have been reported on
thin foils of nanocrystalline (nc) Ni [131] and nc Cu [13]. Usually, several
strain rate jumps are performed on the same specimen as the flow stress
depends on the initial strain at which the test is performed. Different
values for m and Vact can thus arise for different initial strains indicating
a change of the relaxation mechanism and/or of the energy barrier on
the level of permanent deformation. Due to the difficulty to perform
fast strain rate jumps especially in nanosystems, the rate sensitivity ex-
ponent is often calculated by comparing yield strength measurements
from tensile tests performed at different strain rates e.g. for nc Ni [19]
and for nc Cu [90]. The values are estimated at the same level of plas-
tic deformation. Emery et al. [30] performed tensile tests on Au films
as thin as 200 nm-thick. The strain rate sensitivity parameter was ex-
tracted based on yield strength versus strain rates from tests performed
on several samples. Gianola et al. [48] describe strain rate jump tests
performed on Al 200 nm-thick films showing large strain rate sensitivity.
An advanced experimental setup developed by Jonnalagadda et al. [74]
enables tensile testing of thin films spanning a broad area of strain rates
down to 10−6 s−1.

Nanoindentation has also been used to determine the rate dependent
behaviour of thin metallic films. The complexity in the analysis does
not come from the setup but from the complex stress state. The strain
field around the tip of the indenter is far more complex than the uniform
field in a tensile test. Lucas and Oliver [91] have proposed a technique
allowing constant strain rate testing during depth sensing indentation.
Schwaiger et al. [114] used this technique to indent nc Ni foils while the
strain rate sensitivity exponent was extracted by computational model-
ling. Constant load nanoindentation can also be used [89] [131]. Now,
as already stated in Section 2.1.1, the maximum indentation depth has
to be limited to a small fraction of the thickness of the specimen in order
to avoid substrate effects. This fraction varies from 20% to less than 1%
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depending on the stiffness mismatch between specimen and substrate.
Extraction of time dependent response of films thinner than typically
200-300 nm requires special development and other loading configura-
tions should be preferred due to the ease of results interpretation.

In all the aforementioned techniques, the strain rate typically varies bet-
ween 10−6 and 103 s−1. Slower strain rate testing is not performed as it
would require monopolizing a test equipment for a long time while en-
suring a stable measurement especially regarding thermal and electronic
drift.

8.3.2 Data reduction scheme

The concept of internal stress-driven on-chip test structures provides a
new tool to perform stress relaxation experiments. For a particular test
structure, once a stable position is reached in the force-displacement
diagram, stress relaxation can take place through thermally activated
deformation mechanisms which depend on the material, microstructure,
state of the surface, thickness and temperature. During relaxation, the
stress in the specimen beam will decrease while the strain will increase
following the force–displacement relationship imposed by the actuator
"spring" as shown in Fig. 8.8. By monitoring the evolution of the displa-
cement with time, it is possible to characterise the relaxation behaviour
of the material and to extract the rate sensitivity exponent and activa-
tion volume. The test conditions correspond to a creep test performed
on a material attached to a spring.

The procedure is the following. The displacement of each tensile stage
is recorded as a function of time. Time t0 in Fig. 8.8 corresponds to
the time just after release when the stable position of the structures is
reached. No imaging and thus no measurement can be made at time
t0. The post release steps, involving the rinsing, supercritical drying
and transfer to SEM take about one hour. Hence, no data is available
for the relaxation occurring in the specimens during the first hour of
the loading. The first measurement is performed at time t1. The n next
measurements provide a discrete variation of the displacement with time
u(ti). The small number of measurements (e.g. 11 measurements in the
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Figure 8.8: Evolution of stress and strain in a relaxation test per-

formed with a particular micromachine.

case analysed in Section 8.3.3) is due to the limited resolution of the
displacement measurement. Indeed, the displacement variation cannot
be smaller than a few tens of nanometres in order to be captured (see
Section 6.2). The determination of the rate sensitivity exponent and ac-
tivation volume requires the derivation of strain versus time. In order to
avoid a large error on the strain rate, a fitting of the displacement versus
time raw data is performed (Fig. 8.9a) using cubic splines. It provides
a continuous relation u(t) between time and displacement. Then, using
Eq. 4.6 and Eq. 4.7 the plastic strain (Fig. 8.9b) and stress (Fig. 8.9c)
are computed as a function of time. The plastic strain is calculated as
ε − Eεelastic where εelastic = σ/E, E being the Young’s modulus of the
test material extracted by nanoindentation. The numerical derivation
of the plastic strain gives access to the variation of the strain rate with
time (Fig. 8.9d). Finally, the stress can be related to the strain rate
for each tensile stage at any time, providing the strain rate sensitivity
exponent and activation volume using Eq. 8.2 and Eq. 8.3, respectively
(Fig. 8.9e). This procedure is summarised in Fig. 8.9.
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Figure 8.9: Methodology for the extraction of the strain rate sensi-

tivity parameters from a specific test structure.

8.3.3 Results and discussion

The methodology described in Section 8.3.2 is applied to the 205 nm-
thick AlSi film and the relaxation is shown in the stress-strain curve of
Fig. 8.10. A "T10-6 2000" set of structures is considered. After etching
of the sacrificial layer, rinsing and critical point drying, the patterned
sample is transferred in the SEM chamber for displacement measure-
ments. The 23 first tensile test structures in the set are deformed while
the 7 last are broken. As a test structure "24" from the 1500µm-long
set and a "25" from the 1000µm-long set are found to sustain a higher
deformation, a first displacement measurement is performed for these
two additional structures. Further displacement measurements are then
performed on the 25 unbroken structures with increasing time interval.
No additional structure failed during the relaxation time. Because the
AlSi films experienced unexpectedly fast relaxation, the sample is kept
in the SEM chamber between displacement measurements. Eleven mea-
surements were performed between t = 1 h and t = 14 h, t = 0 s being
the time corresponding to the release.

The fitting procedure of the time versus displacement relation is illus-
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trated for a particular test structure in Fig. 8.11a. The resulting rate
sensitivity exponent and activation volume are computed and plotted
as a function of time for this particular test structure in Fig. 8.11b and
Fig. 8.11c, respectively. Activation volumes are presented in units of b3,
b being the length of the Burgers vector (0.286 nm for Al).

Fig. 8.11 also illustrates the influence of the fit on the determination of
m and Vact. In Fig. 8.11a, the fit is performed by considering the 9, 10
and 11 first measurements respectively. If the three different fits seem
to match the measured data, the further derivations needed to extract
m and Vact have a large influence on the final shape of the evolution
of the rate sensitivity exponent (Fig. 8.11b) and the activation volume



162 Chapter 8. Mechanical response of Al-Si thin films

(Fig. 8.11c) at long times. As a consequence, care should be taken when
interpreting the data especially concerning the last measured data points
and the real acquired data points (black diamonds in Fig. 8.11, Fig. 8.12
and Fig. 8.13) should always appear on the graph showing the evolution
of the strain rate sensitivity parameters (m and Vact) with time, strain
or stress. It must be noted that the high number of structures within
one set should enable to discard the odd evolution of these parameters.

For the less deformed specimens (less than ' 0.6% initial plastic strain),
m and Vact are not calculated due to the poor fit coming from the too
small variation of the displacements between two times of data acqui-
sition. The evolution of the rate sensitivity exponent and activation
volume are shown in Fig. 8.12 and Fig. 8.13 for 4 specific test structures
involving 0.6%, 0.9%, 1.6% and 3.1% plastic strain at t = 1h. The test
structures have been selected to cover the whole initial plastic strain
range from 0.6% to 3.1%. In the insert of Fig. 8.12 and Fig. 8.13 the
data are presented for the whole time range measured. These two inserts
illustrate the odd evolution of the strain rate sensitivity parameters with
dramatic changes of slope for long times. As this is an artefact coming
from the fitting procedure, the data in Fig. 8.12 and Fig. 8.13 have been
limited to t = 3 104 s which corresponds approximately to the time of
the ninth measurement.

The rate sensitivity exponent for a single test structure starts from an
initial value around 0.15 and then decreases by a factor 2 to 4 as relaxa-
tion proceeds. Although this rate sensitivity is quite large compared
to bulk large grain Al (m ' 0.01), the values lie in the same range as
measured by Gianola et al. [49] on pure Al film with similar thickness.
They had values obtained by strain rate jump experiments ranging 0.036
to 0.14. The initial deformation applied to the specimen seems to play
a role on strain rate sensitivity with higher m extracted for the more
deformed specimens.

In the following, the analysis is performed on the evolution of the activa-
tion volume in order to determine the mechanisms responsible for stress
relaxation. It must be recalled that the activation volumes extracted in
this work are normalised by the Taylor factor M . The real values of the
activation volumes should be higher by a factor

√
3 to 3 [28]. Moreover,
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the method proposed here is neither a pure relaxation test nor a pure
creep test as both the stress and the strain vary during the test. Hence,
the activation volume is characterised under evolving conditions, with
possible microstructure changes such as a change of dislocation density,
grain growth, etc.

Looking at Fig. 8.13, the initial activation volume does indeed depend
on the level of predeformation, and on the relaxation time. The initial
activation volume goes from 8b3 for small pre-deformation to 2b3 for the
largest initial pre-deformation. These values are not small enough to
reveal a diffusion mechanism. The evolution of activation volume with
the pre-deformation is in agreement with the Cottrell-Stokes law4 [8] [9].
This suggests that the activation volume is controlled by the interdis-
location distance. From that perspective, a different initial dislocation
density from one AlSi structure to another can explain the variation in
the initial activation volume. The further evolution of the activation vo-
lume with time can still be assessed with dislocation-type mechanisms.
Two events happen simultaneously as relaxation proceeds. First, dis-
locations nucleate from the grain boundaries. Due to the small grain
size, the time necessary for a dislocation to spread the whole grain is
expected to become smaller than the time necessary to nucleate the dis-
location. Second, dislocations can be absorbed by grain boundaries or
by free surfaces. Consequently, the number of dislocations within one
grain will decrease as well as the interdistance between dislocation. This
can explain the increase of the activation volume as relaxation proceeds.
Although the measured activation volume give an idea of the thermally
activated mechanism responsible for relaxation phenomena, the real me-
chanisms can only be confirmed by TEM observations. This has not
been performed in the frame of this thesis. The only TEM observations
made on the 205 nm-thick AlSi film were performed several weeks after
the acquired relaxation data and revealed very few dislocations within
the grains. Although, a low density of dislocations after large relaxation

4As explained in [28], the Cottrell-Stokes law tells that for tensile or compressive

stress experiments ∂σ/∂ ln ε̇ ∝ σ. This law is usually followed in metals with grain

size larger 1µm. In the case of plasticity by dislocation-based mechanisms, it tells

that the activation volume is proportional to the distance between forest dislocations

(dislocations pinning points) which is inversely proportional to the flow stress.
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is consistent with the proposed mechanisms, further TEM observations
should be performed just after release of the test structures. An ana-
lysis of the evolution of the dislocation density with time could help to
corroborate the proposed mechanisms.

A priori, the overall trends observed for the 205 nm-thick AlSi could
be extended for higher relaxation times by performing additional dis-
placement measurements on the test specimens. This would increase
the accuracy on the fit of the displacement versus time relationship and
would give access to more reliable data. Unfortunately, the sample was
taken out of the SEM chamber after the last data acquisition (14 hours
after release). This has led to a change at the surface of the sample
due presumably to the change of the native oxide growth. As a conse-
quence further displacement measurements did not match the first 11
data points in the sense that the displacement variation was no more
monotonic. No fitting procedure could thus be performed.

The intrinsic limitations of the technique to extract the strain rate sen-
sitivity parameters are the following. As no displacement measurement
is possible prior to the drying of the structures, the behaviour of the
material between the release of structures and the first SEM image, ta-
king place about one hour later is not captured. This could be an issue
for adapting the technique to testing of low melting temperature pure
metals or thin film polymers. High rate relaxation phenomena cannot be
captured and other techniques should be preferred for strain rate higher
than typically 10−6 s−1. Moreover, the SEM measurements do not allow
continuous monitoring of all the test structures. This is not a major is-
sue as long as enough data points are acquired and that the time of the
measurements is precisely recorded. Again, following a very fast relaxa-
tion would require a completely different monitoring of the displacement
evolution, for instance through instrumented capacitive measurements,
but this would very much complicate the fabrication process.

Another limitation comes from the unknown initial strain rate applied
during the first loading step. When a test structure is released, the spe-
cimen beam is subjected to a force equal to the internal stress in the
actuator material times the cross-sectional area of the actuator beam.
The strain rate at that time depends on the time required by the struc-
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ture to reach an equilibrium point. This strain rate is probably quite
high and could influence the behaviour of very strain sensitive mate-
rials. Now, the first measurement after relaxation is performed at a
time when the rate dependency during the transient corresponding to
the first loading is probably not playing a role anymore. The use of a
tapered actuator beam could be a way to control the rate of loading if
the etch rate is known.

The main advantage of the use of self actuated micro-tensile stage to
perform relaxation experiments lies in that all test structures (i.e. spe-
cimens and actuators) are built on-chip. No external device, such as
nanoindenter or tensometer testing platform, is thus needed. Mono-
polization of equipment for long period of time can be cumbersome if
experiments must be conducted for days and months considering that
only one specimen can be tested at a time. Strain rate lower than 10−6

s−1 can thus be investigated which has not yet been reported in the lite-
rature for thin freestanding film specimens. The high number of testing
structures provides statistically representative results probing the effect
of the initial deformed microstructure on the time dependent response
of the specimen material.





Chapter 9

Testing of pure aluminium thin

films

9.1 Materials and experimental procedures

All Al films discussed in this chapter were deposited by electron beam
evaporation. The reactor used for evaporation is similar to the one
depicted in Fig. 5.5 in Section 5.4. The Al target is made of 99.999% pure
Al pellets. The chamber pressure prior to deposition is equal to 7.10−7

mbar which is the lowest pressure that the vacuum system can reach.
Twelve substrates can be deposited at the same time. The substrates
are not heated but a small rise of the temperature is expected at the
substrate level as the electron bombardment at the source level heat up
the Al atoms. The temperature is not measured but should not be higher
than 100 ◦C in the case of Al deposition. The deposition rate is fixed to
0.3 Ås−1. The only parameter varying from one deposition to another
is the duration of the deposition process which allows monitoring the
thickness of the film.

For each process involving pure Al test structures, one blanket wafer
is added at the metallisation step. After Al deposition, this blanket
wafer is used for internal stress measurement by wafer curvature (see
Section 6.5). The processed wafers are patterned using positive litho-

169
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graphy (Fig. 5.4) and plasma etching as already stated in Section 5.4.
Films tested with test structures had a thickness ranging from 100 nm
to 500 nm

9.2 Stress relaxation

The internal stress in all Al deposits was found to be zero within the
limits of accuracy of the Stoney measurement method. This was indi-
cated by the absence of wafer curvature change on the blanket wafer.
It was confirmed on the released rotating sensors from the patterned
wafers as no deflection occurred. Concerning the analysis of the mi-
cromachines and as already stated in the introduction of part III, no
consistent stress-strain curve could be extracted from micromachines on
pure Al films. No matter the thickness of the film, unexpected fast re-
laxation occurred in all specimens. For all structures, the displacement
measurement (u) was very close to the displacement that would have
occurred if the actuator was free to contract (ufree). The situation is
depicted in the force-displacement diagram of Fig. 9.1.

The equilibrium position defined in Section 4.2 is not known and a re-
laxation analysis between this equilibrium point and the first measured
point, like in Section 8.3, cannot be performed. The difference lies in
the fact that no further relaxation was observed up to that first measu-
rement even several days after release. It means that all the relaxation
process occurs in less than an hour after actuation no matter the initial
stress in the specimen beam. It is not known whether this fast relaxa-
tion occurs only in freestanding pure Al films as the zero internal stress
measured on the blanket wafer (not freestanding) could also be a conse-
quence of the fast relaxation. The fast relaxation is certainly linked to
the purity of the Al as only small amount of impurities have already
proven to considerably lower the steady-state creep rate of Al [71].

To confirm that relaxation phenomena are indeed occurring in Al at a
faster rate than in AlSi, creep measurements were performed by nanoin-
dentation on the the two film materials. The pure Al film was 500 nm-
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Figure 9.1: Force-displacement diagram in the case of pure Al

testing. The equilibrium position reached just after release is not

known. The first measurement which can be performed is near the

fully relaxed position (u = ufree, F = 0).

thick whereas the AlSi film was 205 nm-thick1. Each test is performed
as follows:

• The tip is brought into contact with the film thickness and the
load is increased at constant load rate (0.01 mN/s) from 0 to the
maximum load Fmax.

• The load is maintained to its maximum value for a constant time
t and the displacement is recorded.

• The load is decreased at constant load rate (0.01 mN/s) from the
maximum load to 0.

1It would be preferable to compare films with the same thickness but these experi-

ments were performed on available samples and aimed only are capturing the kinetic

difference between the relaxation process of the two materials.
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Figure 9.2: Evolution of the indentation depth as a function of time

for an applied force of 0.06 mN for a 500 nm-thick pure Al film and

a 205 nm-thick AlSi film.

The different values for the maximum load are equal to 0.02 mN, 0.03 mN,
0.06 mN and 0.1 mN. The highest load corresponds to indentation depth
in the range of 60 nm and 30 nm for Al and AlSi, respectively. This is
around 10% of the indentation depth which should not be affected by
the presence of the substrate in this case of a soft material on a hard
substrate. Each indentation is performed 6 times. Differences in the
measured displacement for indentations performed with the same para-
meters can arise due to the roughness of the film. However, as we are
interested in the kinetic of relaxation phenomena, only the constant load
part of the test is considered. Indentions data with too large thermal
drift are discarded.

Fig. 9.2 compares the unloading part of the test for the two films with
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the following parameters: Fmax = 0.06 mN and t = 100 s. The force was
observed to decrease slightly as the displacement increases during the
relaxation experiment. This is due to the indentation method but as a
first approximation, the force level can be considered to be constant. The
fact that the displacement evolves with time for a constant force for both
materials reveals a creep/relaxation behaviour. Similar experiments on
fused silica do not show any time dependent response. Moreover, the
increase in displacement is clearly larger in the case of pure Al indicating
that the relaxation is faster when Al is not alloyed.

The fast relaxation processes occurring in pure Al films makes the concept
of internal stress actuated micro-tensile stages not suitable for extraction
of the static hardening properties.

9.3 Ductility of Al thin films

9.3.1 Imperfection-sensitive ductility of Al thin films2

Besides the fast relaxation, the large ductility observed for the pure
Al specimens sometimes larger than 30% associated to a large scatter
was quite a surprise, pushing for an in-depth analysis. Ductility is the
capacity for a material to deform without cracking [24]. Two main me-
chanisms limit the ductility of metals:

• The first is the occurrence of plastic localisation by geometric ne-
cking or material instability. The strain corresponding to the onset
of plastic localisation is denoted as εu throughout this text. Note
that εu depends on the loading conditions (e.g. uniaxial tension,
biaxial tension, shear, etc.) and is thus not an intrinsic material
property.

• The second mechanism is the accumulation of damage by nuclea-
tion, growth and coalescence of microvoids or microcracks. The
strain corresponding to the complete failure of a material element

2This section is mainly derived from the paper Coulombier et al., Scr. Mater.

2010, 62, 742 [16].
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is noted εf and, as for εu, it is not an intrinsic material property,
but depends on the loading conditions.

In the following, the term "ductility" is defined as the strain correspon-
ding to the onset of necking, which is often smaller than the true fracture
strain.

Ductility in thin metallic films is known to be weaker than in the bulk
counterpart and even in the case of Al, the ductility hardly reaches a few
percent [60] [36]. In thin films, the small grain size and the dominant
presence of the surfaces are expected to play a major role. Indeed, some
or even most of the dislocations can escape from the film (depending on
the morphology and number of grains over the thickness, and on the pre-
sence of a possible surface oxide layer), thus limiting the strain-hardening
capacity. Furthermore, it is important to remember that imperfections
significantly affect the ductility of plastically deforming solids [69] and
that the magnitude of typical imperfections can be expected to be larger
in thin films compared to macroscopic samples. However, large ductility
has been encountered in thin metallic films like Al when it was associated
to grain growth mechanisms [48] (see Section 3.2).

In this section, the pure Al micromachines are analysed in terms of
their resistance to plastic localisation. The study focusses on two films
thicknesses: 200 nm and 375 nm. The analysis focusses primarily on
the observed wide scatter in the ductility, which is dependent on the
specimen size and thickness, a topic which has not received any attention
in the literature to date.

First, it is important to recall that the dimensions (lengths and widths)
of specimens are varied all over the wafer (See Section 4.4.6). Within
one set of structures (same width ratio between specimen and actuator
beam), the overall length of the two-beams structure is kept constant
while the lengths of the two beams are varied to generate different states
of stress. Some sets of structures have exactly the same geometric di-
mensions except from the overall length3, providing equally deformed

3This is true for generation 3 and 4 set of masks from which all the data of this

section are extracted.
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Figure 9.3: Plastic localisation evolution observed in consecutive

specimens with different strains involving (a) diffuse necking, (b)

localised shear band process and (c) damage up to final failure.

structures but with varying length. The resulting high number of testing
structures allows to analyse the impact of the geometrical dimensions
on the ductility of the tested material.

For the two considered thicknesses, plastic localisation is observed in
specimens deformed to sufficiently large strains. When plastic localisa-
tion sets in, the extra overall displacement required to reach failure is
small. Hence, due to the discrete nature of the test technique, specimens
most often either fail or deform uniformly. Nevertheless, specimens with
necking can sometimes be observed, such as in Fig. 9.3 for 200 nm-thick,
4µm-wide Al specimens. Fig. 9.3a shows a diffuse necking process over a
length scaling with the specimen width. At larger strains, a more locali-
sed necking mechanism develops that resembles a shear band oriented at
about 55◦ from the main loading direction (see Fig. 9.3b and c). Finally,
Fig. 9.3c shows that damage develops within the shear band, leading to
final fracture.

A qualitative observation of the test structures shows that the ductility
is subjected to wide variations. For instance, in a series of specimens,
one failed specimen followed by one non-failed specimen is sometimes
observed, even though the latter involves a larger strain. Furthermore,
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a series of shorter test structures systematically show larger ductility
compared to longer test structures. In order to rationalise these ob-
servations, Fig. 9.4 gathers the strain experienced by each tensile stage
as a function of the specimen surface area for thicknesses equal to (a)
200 nm and (b) 375 nm, respectively. The failed specimens are indica-
ted with open symbols. In order to provide an accurate estimate of the
strain that was applied to the failed specimens, it was assumed that the
applied stress is equal to the stress experienced by the first non-failed
specimen located in the same set of structures. The displacement of the
failed specimen as if no fracture had occurred is then obtained using
Eq. 4.7 which was derived in Section 4.2 and which links the measured
displacement to the stress experienced by the specimen beam. In some
structures, fracture occurs at the overlap between the actuator and the
specimen due to the local stress concentration and not in the gauge sec-
tion of the dogbone specimen. Those samples are discarded. Finally, for
some specimens, fracture is not caused by the deformation imposed by
the actuator but is due to processing problems, such as a defect in the
photoresist or dust particle on the wafer. In such instances, the failed
samples are also not taken into account.

In order to analyse more quantitatively the effect of the specimen size
on the ductility, the data of Fig. 9.4 are converted in the form of a pro-
bability graph, as shown in Fig. 9.5a. Because the technique involves a
wide range of sample sizes and imposed strains, the data are grouped in
different intervals of surface area and strain. For each interval, the pro-
bability of failure is calculated as the number of failed samples divided
by the total number of samples within the same interval.

Fig. 9.5b and Fig. 9.5c show a statistical behaviour similar to the one
observed for brittle materials, usually rationalised using Weibull-type
analysis [85]. A maximum strain value is observed beyond which frac-
ture occurs for all specimens. The maximum values are about 0.08 and
0.27 for the smallest specimens, made of 200 nm and 375 nm thick films,
respectively.

The distribution of ductility shown in Fig. 9.5 can be analysed by consi-
dering the effect of the presence of imperfections within the specimens.
Imperfections are inherent to the fabrication process as a result of local
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Figure 9.4: Strain as a function of the specimen surface area for (a)

200 nm-thick and (b) 375 nm-thick Al specimens. Open symbols in-

dicate failed specimens, filled symbols indicate non-failed specimens.

thickness reduction due to the natural roughness, heterogeneities in the
etching process or grain boundary grooving, or local width reduction
due to the definition of the photoresist or material imperfection (e.g. a
cluster of grains with weak orientations; see [44]). There is an increa-
sing probability of producing larger imperfections when the surface area
increases, as well as when the thickness decreases. The effect of imperfec-
tion on necking has been addressed by Hutchinson and Neale [69], who
demonstrated that plastic localisation is triggered earlier in the presence
of imperfections. Recent computational studies based on strain gradient
plasticity theory have addressed the same issue, showing that strain gra-
dient effects can delay the necking process in micron-sized samples [95].



178 Chapter 9. Testing of pure aluminium thin films

ε [-]

A [µm ]

P [-]

ε [-]2

1
A1

A2
A3

A1

(a)

0

0,2

0,4

0,6

0,8

1

0 0,02 0,04 0,06 0,08 0,1

10-180 µm
180-550 µm

550-1830 µm

> 1830 µm

2

2

2

2

(b)

0

0,2

0,4

0,6

0,8

1

0 0,05 0,1 0,15 0,2 0,25 0,3

1-20 µm

20-55 µm

55-180 µm

> 180 µm

2

2

2

2

(c)
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9.3.2 Modelling size effects in thin film4

The presence of imperfections is not the only cause of the size effect
on the ductility of Al thin films. The high density of interfaces and
the large surface-to-volume ratio which are inherent to thin films are
known to affect strength and ductility. In thin films, interfaces consist
in grain boundaries, interfaces between film and substrate and possible
oxide layer at the surface. They all act as barriers to dislocation motion
and multiple mechanisms between dislocations and interfaces can arise:
blocking, annihilation, emission, reflection, transmission. The density
of dislocations barriers is thus related to both grain size and sample
thickness. A simple model based on empirical data was proposed by
Venkatraman and Bravman [129] to account for the influence of these
two parameters on the strength of AlCu(0.5%) films. This model was
already given in Section 3.2.

Description of the model

As other parameters than grain size and sample thickness can have a
first-order impact on ductility and strength, a finite-element model has
been developed relying on a finite-strain implementation of the strain
gradient plasticity theory developed by Fleck and Hutchinson [40] for the
behaviour of the grain interior. Cohesive zones are used to represent the
interface layers, together with evolving higher-order boundary condi-
tions at the frontier with the grain interior (Fig. 9.6). The interface
layers are extremely thin, of the order of a few atomic spacings, de-
pending on the type of interface considered (grain boundary, interface
with an oxide layer, interphase) with a structure, and thus a response,
different from that of the grain interior. The interface layers are consi-
dered to be initially impenetrable to dislocations. This is enforced by
constraining the plastic strain rate at the interfaces between the grain

4This section is mainly derived from the work of Charles Brugger who has spent

two years in UCL as a post doc, collaborating with me, to develop the modelling

aspects aiming at understanding the size effects in thin films. The main results of

his work were published in the following paper: Brugger et al., Acta Mater 2010, 58,

4940 [10].
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interior and the layer (ε̇p = 0). When applying the load, the grain inter-
ior starts deforming plastically while the interface layers remain elastic.
The strength of the near-interface regions increases rapidly due to the
large local plastic strain gradients resulting from the higher-order boun-
dary conditions, generating also large back-stress levels within the grain
interior. When the stress on an interface reaches a critical value, the
different mechanisms of transmission, nucleation and/or sinking of dis-
locations start being activated. This is empirically modelled by relaxing
the constraint on both sides of the interface layer, and letting the plas-
tic flow develop within it. The back-stress then also partially relaxes.
From that point on, the confinement is not explicitly enforced through
the higher-order effect, and the plastic flow is only controlled by the
classical behaviour of the interface layer represented by a simple linear
hardening law. The slope of the classical hardening law of the interface
layer phenomenologically represents the resistance to dislocation motion
imposed by the mechanisms occurring inside the interface layer and the
evolving structure of the interface.

The thin films are modelled using plane-strain conditions. A ribbon
of 20 rectangular grains is simulated. Necking is simulated by adding
an imperfection η in the central grain making boundary conditions no
longer periodic. The imperfection consists of a smaller initial flow stress
equal to (1 − η)σ0, where σ0 is the initial flow stress of the other grains.
The inputs of the model are the following:

• the Young’s modulus E and Poisson ratio ν for the bulk material
elastic behaviour;

• a Voce law [79] characterised by σ0, Θ0 and β0 for the plastic
behaviour;

• the internal length l∗ of the strain gradient plasticity model;

• the interface relaxation stress σIRS and effective hardening hI for
the behaviour of the the interface layer;

• n for the number of constrained surfaces which is 0 (freestanding
film), 1 or 2.
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Figure 9.6: Schematic description of the 2-D plane-strain model for

the polycrystalline thin film based on a strain gradient plasticity des-

cription of the grain interior and cohesive zone representation of the

interface layers (grain boundaries and interfaces with other layers)

involving, on both sides, evolving higher-order boundary conditions.
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For all the different simulations performed, the parameters describing
the grain interior are kept constant: E/σ0 = 1167, ν = 0.3, Θ0/σ0 = 9,
β0 = 13.5. These parameters are taken from [117] and are representative
of pure Al. The other parameters are varied around a master case to see
their influence on the ductility and strength of thin Al films. The master
case corresponds to h/l∗ = 1, d/l∗ = h/l∗, η = 1% and no constrained
surfaces (n = 0). In the master case, interfaces are considered to be
impenetrable (σIRS/σ0 set to a very high value).

Effect of the thickness

Fig. 9.7a presents the influence of the normalised thickness h/l∗ on the
normalised engineering stress–strain curves for homogeneous or poly-
crystalline freestanding thin films with no constrained surface. The thi-
ckness can have two opposite effects on the ductility depending on the
presence or not of grain boundaries. In homogeneous films, the thinner
the film, the larger the magnitude of the plastic strain gradients, hence
the ductility. Plastic strain gradients tend to stabilise plastic localisa-
tion by providing additional strengthening to the region where necking
initiates. This effect has been discussed by Niordson and Tvergaard [95].

In polycrystalline films, the ductility decreases with decreasing thick-
ness. This drop in ductility associated with the size-induced strengthe-
ning has already been reported experimentally in Al [56] as well as in
other materials [36] [120]. This decrease in the ductility is captured by
the model, though there is no dramatic drop. Now, allowing for grain
boundary relaxation through decreasing the associated stress σIRS leads
to a more significant loss of ductility, as shown in Fig. 9.7b, where the
uniform strain of freestanding polycrystalline thin films is plotted as a
function of the inverse of the normalised thickness l∗/h for σIRS/σ0 = ∞
or 4. The relaxation of the higher-order boundary conditions has thus
an impact on the loss of ductility for very thin films.
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(a) (b)

Figure 9.7: Effect of the normalised thickness h/l∗ on (a) the nor-

malised engineering stress–strain curve and (b) on the uniform elon-

gation for homogeneous (continuous lines) or polycrystalline (dotted

lines) freestanding films with or without grain boundary relaxation.

Effect of imperfections

Imperfections can also alter significantly the ductility [69], at least in
the case of bulk materials. However, the imperfection sensitivity is not
expected to be as large in thin films materials due to strain gradient
effects. Fig. 9.8 presents the variation of the normalised uniform elon-
gation εu/εη→0

u as a function of the imperfection η, allowing or not for
grain boundary relaxation, i.e. σIRS/σ0 = ∞ or 4. Very limited imper-
fection sensitivity is predicted without grain boundary relaxation: a 10%
imperfection leads to less than 20% loss of ductility. With relaxation of
the grain boundary confinement, a much larger decrease by 50% of the
ductility is predicted by the model. The loss of ductility depends thus
heavily on the grain boundary relaxation σIRS/σ0. A limited value for
σIRS should be used in the model as imperfections were shown to have
a large impact on the ductility observed for the two pure Al films thick-
nesses of Section 9.3. Thin films are indeed more prone to imperfections
than their bulk counterpart because of the roughness, grain boundary
grooving or the columnar grain structure.
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Figure 9.8: Variation of the normalised uniform elongation as

a function of the imperfection size for polycrystalline freestanding

films with or without grain boundary relaxation.
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Effect of the grain size distribution

In all the aforementioned simulations, the film is modelled as a ribbon
of 20 grains with identical grain size d. The influence of the grain size
distribution is performed by considering 10 different normal grain size
distributions with a mean value of d = l∗ and a standard deviation
∆d = 0.2l∗. Fig. 9.9 compares the normalised engineering stress-strain
curves for these 10 cases to the master case involving a single grain
size and no imperfection (η = 0). The master case gives an upper
bound on the strength and on the ductility. Accounting for a grain size
distribution induces a slight decrease in the strength and a noticeable
loss of ductility. The smallest stress was observed for the distribution
involving the largest grain: the uniform strain and corresponding stress
are about 60% and 10% lower than the master case, respectively. The
largest grain has a major impact on the behaviour. It sets the maximum
level of strengthening as the yield stress is known to be smaller for
larger grains. A large grain acts thus as an imperfection which affects
the ductility. However, the 2-D ribbon model artificially amplifies grain
distribution effects, as the imperfection is affecting the entire width,
which is not the case in the reality of the Al film tested in this work. Even
though the 2-D model exaggerates this effect, it reveals the importance
of the grain size distribution in the range of sizes (d < 1µm) where the
strength is significantly affected by small changes in the dimensions of
the microstructure. The grain size distribution is thus a primary source
of imperfections controlling the resistance to necking.

Modelling versus experiments on pure Al

The link between the model used by Brugger and the results of Sec-
tion 9.3.1 on the ductility of pure Al can only be qualitative. Indeed,
the significant creep contribution indicates a large rate sensitivity which
is not taken into account in the model. However, the parameters consi-
dered in the previous section certainly play a role on the ductility of Al.
Strain gradients effects have been shown to stabilise the necking process
which is confirmed by the observation of pure Al deformed specimens
Fig. 9.3 in which diffuse necking is observed. The loss of ductility with
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Figure 9.9: Effect of 10 different grain size distributions (continuous

lines) on the normalised engineering stress–strain curve compared to

the master case with single grain size (dashed line).

larger imperfections predicted by the model is also in agreement with
the results on the two pure Al films tested in Section 9.3.1. In addi-
tion to these two contributions, the rate sensitivity is probably the main
reason explaining the high ductility of pure Al films. The strain rate
sensitivity is indeed known to very much increase the resistance to ne-
cking [69]. Generally, the ductility of thin film materials hardly reaches
a few percents. In the case of pure Al films and in the absence of imper-
fections (small specimen), ductility as high as 30% was detected. This
underlines the need to take rate sensitivity effects into account in the
model to capture such high strain before necking.
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9.4 Fracture of Al thin films5

In Section 9.3, the ductility of Al thin films was analysed in terms of
their resistance to plastic localisation. In this section the focus is put
on the second mechanism limiting the ductility of metals: damage and
fracture mechanisms. For this purpose, the notched specimen geometry
described in Section 7.1 is considered. These specimens are better suited
than uniaxial tension specimens to characterise fracture by allowing a
stable deformation process without the occurrence of necking. Fig. 9.10
show micrographs of 210 nm-thick Al notched specimens corresponding
to different amounts of deformation. Cracking is found to initiate at
the notch root (Fig. 9.10a) and then propagates by coalescence of voids
(Fig. 9.10b and Fig. 9.10c). The void spacing seems to scale with the
grain size. Fig. 9.10d shows a TEM micrograph of a void present in the
necking region of one of the highly deformed uniaxial specimen. The
TEM sample was obtained after FIB cutting and micromanipulation.
The void is located at a grain boundary in agreement with observations
made by Kumar et al. [81] on electrodeposited nanocrystalline Ni sho-
wing void nucleation at triple junctions. Fracture of Al films seems thus
to be intergranular rather than intragranular and from Fig. 9.10 looks
similar to what is observed on macroscopic samples.

As notched specimens involve non-homogeneous deformation, numerical
analysis is needed to extract quantitative information about the stress
and strain field in the specimen. For that purpose, 3-D finite element
(FE) simulations have been performed using the general purpose FE
software Abaqus, within a finite strain set-up [3]. Highly refined meshes
were used in the near notch tip region. The constitutive model is the
J2 flow theory and the hardening law corresponds to a 250 nm-thick Al
film as measured in [37]. This hardening law was extracted from a set
of micromachines before realising the fast stress relaxation phenomena
occurring in pure Al films (Section 9.2). Moreover, the classical plasticity

5This section is derived from the analysis of notched specimens. The FE simu-

lations were performed by Thomas Gets during his master thesis which I partly co-

supervised (academic year 2006-2007) and the results have been discussed in [3], [17]

and [101].
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Figure 9.10: Damage by void growth and coalescence in 210 nm-

thick Al films; (a) to (c) micrographs of three notched specimens

deformed up to different levels of deformation; (d) TEM micrograph

showing a cavity growing along a grain boundary in a necking zone

of a tensile test specimen.
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theory used here does not take into account any strain gradient effect or
viscoplastic behaviour. As a consequence, the analysis performed with
the FE element simulations do not correspond to the real behaviour of
pure Al. Though, the procedure is qualitatively correct and the outputs
from the simulations should be considered as qualitative data.

The results of the simulations were compared to the experimental results
by matching the experimental and predicted notch opening as shown in
Fig. 9.11. The fracture strain εf is defined as the equivalent plastic
strain at the onset of cracking near the notch root. This comparison
was performed for different geometries of the notched specimens. The
fracture strain of the different geometries is reported as a function of the
ratio L/R in Fig. 9.12, L and R being the length of the ligament and
the radius of curvature of the notch, respectively. The fracture strain
as well as the scatter on the fracture strain increase with increasing
L/R ratio. No dependence of the fracture strain on the film thickness is
observed (though the number of data is too small relative to the scatter
to ascertain definitive conclusions). The increase of εf with decreasing
R probably originates from a grain size effect. As voids nucleate at
grain boundaries perpendicular to the main loading direction [81], when
decreasing the notch radius, the probability of finding a well oriented
grain boundary in the large strain zone near the notch root decreases,
leading to larger εf , but also larger scattering.
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5 µm

2 µm

Figure 9.11: Comparison between micrographs and FE predictions

of deformed notched specimens, the third one corresponding to cra-

cking initiation.

Figure 9.12: Variation of the fracture strain of Al notched samples

of 3 different thicknesses as a function of the ratio of the length of

the ligament (L) divided by the radius of the notch R.



Chapter 10

Conclusion and perspectives

In this thesis, a novel experimental method has been proposed to ex-
tract the mechanical properties of thin film materials. It is an on-chip
technique which relies, as an actuation mean, on the internal stress gene-
rated during deposition. Apart from the particular actuation principle,
an original feature lies in the high number of test structures generated
at the same time instead of relying on a complex multipurpose testing
stage.

The mechanics ruling a single test structure as well as the design re-
quirements needed to produce valid measurements were described in
Chapter 4.

All the aspects of the fabrication process were detailed in Chapter 5. The
properties that each layer should meet were described and a solution was
proposed for the specific testing of Al and AlSi films.

Then, Chapter 6 described the different structures (rotating sensors,
single material auto-actuated test structures) and techniques (wafer cur-
vature, ellipsometry, nanoindentation) needed to extract the parameters
needed in the data reduction scheme following the idea of creating a ver-
satile on-chip mechanical testing laboratory.

Chapter 7 pushed forward the potential of the technique by proposing
different geometries (notched specimens) as well as the adaptation of the

191
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fabrication process to enable TEM observation of the deformed struc-
tures.

In Chapter 8, the new concept was used to extract the stress-strain
curves of AlSi(1%) sputtered films. This study proved the ability of
the technique to extract the mechanical properties of ductile materials.
In addition, the relaxation behaviour was measured and analysed for
strain rate smaller than 10−6 s−1. A methodology was proposed for the
extraction of the strain rate sensitivity parameters of the tested material.

The study of the evaporated pure Al films was discussed in Chapter
9. The novel tool showed its limitations as the too fast relaxation me-
chanisms in pure Al did not allow to extract any stress-strain response.
Nevertheless, the ductility was analysed for these pure Al films and was
found to be strongly dependent on the presence of imperfections. Be-
sides the imperfection sensitivity, values of the necking strain as high as
30% were measured where usual thin film materials hardly reach a few
percents. A finite-element model relying on a finite-strain implementa-
tion of the Fleck–Hutchinson strain gradient plasticity theory captured
the trends observed on the ductility of pure Al films. Although the mo-
del did not take into account any viscoplastic effect, the high ductility
was in agreement with the fast relaxation of the pure Al films. Finally,
a qualitative analysis of notched specimens revealed that the fracture of
pure Al occurred by void growth and coalescence similarly to what is
usually observed on macroscopic samples.

Application of the on-chip technique to the study of Al and AlSi films
has shown its limitations essentially through two aspects. The first one is
that the data acquisition is not performed in situ during tensile testing.
Indeed, just after actuation by etching of the sacrificial layer, the samples
have to be rinsed and dried and the measurement are performed in
a SEM, test structure after test structure. As a consequence, in the
case of a time dependent response, the early behaviour of the material
cannot be captured. The other limiting factor is the fact that the strain
rate applied to the test structures is not controlled. Moreover, as the
structures are released at the same time, the strain rate is different for
each structure. This is a problem for very strain rate sensitive materials
as their stress-strain behaviour depends on the applied strain rate. From
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that point of view the two materials tested in this thesis are certainly
not the best materials suitable for mechanical testing by the on-chip
technique. However, they allowed to identify these weak points and
further developments of the technique should aim at enabling direct
measurement of the displacement. For instance, controlling the rate of
loading during the release is not too difficult if use is made of tapered
actuator beams.

Despite these limitations, the lab on-chip technique presents many ad-
vantages with respect to already existing techniques. The fabrication
process is very simple and involves techniques which are standard in fa-
cilities dedicated to microfabrication. The fact that both specimens and
actuators are created during the fabrication process avoids the handling
issues which occur in the case of loading by an external device. High
throughput statistical data can be generated and different loading condi-
tions can be envisaged. The technique is not limited to the testing of Al
films as the standard fabrication process already proved to be suitable
for mechanical testing of other thin film materials such as monocrystal-
line silicon, polysilicon and palladium. Moreover, the addition of one
step in the fabrication process (back etching of the substrate) is suffi-
cient to allow TEM investigation of the deformed specimens. It must be
reminded that the lab on-chip concept is not just limited to the testing
of materials deposited in UCL. Indeed, the technology has already been
transferred to industrial deposits by sending pre-patterned wafers. The
user then performs the film deposition from which the mechanical pro-
perties must be extracted. The wafers are then brought back to UCL for
lift-off (patterning of the specimen material), etching of the sacrificial
layer and measurements.

Concerning the perspectives of the present work, two aspects must be
considered: the evolution of the lab-on chip concept and the understan-
ding of the behaviour of the investigated film materials. The further
developments of the concept should focus on the following guidelines:

• Find the best couple sacrificial layer/etchant so as to dispose of a
generic process which gives a maximum etching selectivity for any
kind of tested material.
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• Modify the design of the actuators so as to control the strain rate
applied to the specimens, see above.

• Measure the displacement imposed to the specimens by means of
an electrical measurement.

• Define the best design requirements to extract valid measurements
for other testing configuration.

In terms of material properties and investigation of deformation and
failure properties, specifically for the important class of Al-based films,
several questions remain also open:

• The origin of the increasing yield strength with increasing thick-
ness on the AlSi films (inverse size effect) is not clearly identified.

• The physical mechanisms governing the relaxation in AlSi have to
be confirmed by observing the evolution of the microstructure as
relaxation proceeds.

• The silicon content in the AlSi films could not be located. A more
in-depth TEM analysis is required to locate the Si and identify the
origin of the very different time dependent response of pure and
alloyed Al.

• The origin of the particularly high ductility in pure Al is not
understood and TEM investigation coupled to external loading
should aim at determining whether grain growth mechanisms are
involved.

All these open questions necessitate the use of TEM for observation of
the microstructure of the film material. The back etching technique
detailed in Chapter 7 provides thus the adequate tool for that purpose.
This demonstrates that in addition to providing mechanical data of a
film material, the lab on-chip concept can be coupled to TEM to have
more insights in the deformation and fracture properties.



Appendix A

Design procedure based on an im-

posed relative error

The present design procedure consists in determining the range of ac-
ceptable dimensions for the actuators and test specimens, such as to
respect a constant relative error x |ε on the strain and on the stress x |σ
for given value of ∆u, ∆εmis

a and ∆εmis. Based on Eq. 4.10, the first
condition (on the strain) for a valid design writes (using a small strain
assumption)

x |ε εmech >
u

L0
− εmis. (A.1)

Introducing the expression of the strain in the specimen Eq. 4.8 in
Eq. A.1 gives the following condition

u >
∆u

x |ε
+ L0

(

∆εmis

x |ε
+ εmis

)

. (A.2)

Neglecting the presence of the mismatch strain into the test specimen,
this equation means that the tolerated error on the displacement x |ε u

must, at least, be larger than ∆u which is tied to the measurement
method for u.
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Based on Eq. 4.11, the second condition for a valid design writes

x |σ σ > EaR

(−u

La0
− εmis

a

)

. (A.3)

Introducing the expression of the stress in the specimen Eq. 4.9 in
Eq. A.3 gives the following condition

u < La0

(

−εmis
a − ∆εmis

a

x |σ

)

− ∆u

x |σ
. (A.4)

This condition implies that |εmis
a | > ∆εmis

a /x |σ in order to have a
solution, u being defined as a positive quantity. Combining Eq. A.2 and
Eq. A.4 shows that, there is a minimum value of β

β >

1
x|ε

+ 1
x|σ

+ α
(

∆εmis
a

x|ε
+ εmis

)

εmis
a + ∆εmis

a

x|σ

. (A.5)

A.1 Design for small strain elastic behaviour

Let us assume that the test material has a Young’s modulus E, and
that strain measurements must be made in the range [εmin, εmax]. In-
troducing in the expression of stress (Eq. 4.9) and strain (Eq. 4.8) (small
displacement) in Hooke’s law (Eq. 4.12) leads to an expression for the
displacement u

u =
εmis − χεmis

a
1

L0
+ χ

La0

. (A.6)

This equation is similar to Eq. 4.13 except that the nondimensional
stiffness ratio χ = R/E∗ = SaEa/SE has been defined. Introducing
Eq. A.6 into the first design condition (Eq. A.2) leads to

χ > β
1
α + ∆εmis

−εmis
a x |ε β + 1 + α∆εmis + αεmisx |ε

, (A.7)
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while the second condition (Eq. A.4) becomes

χ < −β
(

εmis
a x |σ +∆εmis

a

)

+ 1 + αεmisx |σ
α
β + α∆εmis

a

. (A.8)

The design requirements are thus these two conditions on the stiffness
ratio together with the constraint of being able to generate mechanical
strains in the range [εmin, εmax] which remains identical to Eq. 4.15.

A.2 Design for plastic behaviour

The developments for the moderate to large strain plastic behaviour
closely follow the procedure described just above, except that the stress
σ is now equal to σ0. The change of cross section S is neglected. By using
the same conventions as for the first design procedure, the constraints
write

χ > −β
σ0

Ea

x |ε
x |ε εmis

a β + β + α (x |ε εmis − ∆εmis)
(A.9)

χ ≤ β
σ0

Ea

x |σ
∆εmis

a β + 1
(A.10)

while Eq. 4.16 does not change.
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