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1. Introduction

The technological progress in the microelectronics industry is
ever-increasing. This influences many other fields as they
depend on microelectronic devices, ranging from smartphones
to car keys, from washing machines to space technology. As early
as 1965, Gordon Moore predicted a doubling of transistors in a
microchip every 2 years.[1,2] 50 years later, this trend is still
going on and leads to enormous numbers of transistors in
ever-shrinking integrated circuits.

Thus, thermal management and the micromechanical proper-
ties of the used materials and their respective interfaces become a
topic of major interest. As these microelectronic devices inevitably
become repeatedly heated and cooled during their lifecycles, it is

very important to understand the thermo-
mechanical fatigue mechanisms that may
lead to the fatal failure of the device.[3–5]

The presented work introduces a new
micromechanical experimental setup,
exploiting the known behavior of thermo-
static bimetallic strips.[6] When materials
with different coefficients of thermal
expansion α are combined, a temperature
change will result in the bending of the
material stack, implying mechanical
stresses. Even though no physical contact,
e.g., with an indenter is made, this kind of
experimental setup is called “thermome-
chanical” throughout literature.[7–10]

Using a beam geometry and expanding
on an elastic 2D model, the resulting stack
curvature at the examined temperature
enables to assess the internal stress and
strain state of the respective layers.[11]

The gathered information provides
an understanding of maximum stress dif-

ferences at interfaces as well as possible elastic–plastic
responses of the material system, which, in the case of the
presented experiments, is a well-known combination of Si,
WTi, and Cu which is frequently used in microelectronic
applications as substrate, diffusion barrier, and metallization
layer, respectively.[12–18]

Specific layers, interfaces, or the entire material stack have
been investigated extensively in previous works. For example,
Wimmer et al. studied the mechanical behavior of free-standing
Cu films at different temperatures (refer to Sample A
herein).[19–22] It is also referred to those articles for more detailed
information regarding microstructure, chemistry, and produc-
tion of the material system. Bigl et al. investigated the thermo-
mechanical high-cycle fatigue properties starting with the Cu
film and extending their attention to the entire material system
(also refer to Sample A therein).[8,9,23,24] Furthermore, the WTi
layer has been examined regarding its residual stresses and ther-
mal stability.[10,20,25] More recently, attention was placed on the
properties of the interfaces, especially during fracture toughness
experiments and cyclic heating.[26–28] The present work expands
this bulk of knowledge by assessing the actual occurring internal
stresses during thermomechanical cycling.

These internal stresses and strains are essential for under-
standing the background of possible material damage during
thermomechanical fatigue. These damages evidenced in high-
cycle fatigue experiments include, for example, void and crack
formation at interfaces that extend into the Cu layer,[5,12,29,30]

or roughening surfaces of the Cu layer due to diffusion processes
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Microelectronic devices require material systems combining multiple layers of
material for proper operation. These inevitably have different properties, for
example, the elastic modulus or the coefficient of thermal expansion. Permanently
reoccurring Joule heating and successive cooling during the operation of such
devices lead to high thermal stresses within the materials and even failure due to
thermomechanical fatigue or delamination of layers. This is dependent on the
internal stress state and the amount of plastic strain accumulated. Here, in situ
thermomechanical cantilever bending experiments on a Si–WTi–Cu material
system to investigate these internal stress states and their influence on defor-
mation behavior using a novel experimental methodology are shown. During
heating to Tmax ¼ 400°C, the Cu layer undergoes partial plastic deformation, which
may lead to the failure of a potential device using this material combination. To
assess the internal stress and strain states based on the in situ observation, a
model incorporating plastic deformation and known residual stresses of layers is
proposed and verified by Finite Element Analysis.
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and twin boundary migration.[8] Thousands of short pulses using
either an infrared furnace,[12] ultrasonic resonance,[29] or resistive
heating of a polycrystalline Si layer[30] were utilized for these experi-
ments. Using only three cycles in the work herein presented, we
want to understand the origins of the governing deformationmech-
anisms, which we presume lie in the internal stress-strain states.

The herein gathered insights provide complementary informa-
tion to already established conventional methods, such as ion
beam layer removal, X-ray diffraction, or wafer curvature
measurements.[6,31–38] Another advantage of the presented method
is that the stress profile and other thermomechanical properties
can be estimated, while one still benefits from the in situ nature
of the experiment and the possibility of observing microstructural
changes or the onset of potential damage formation.

2. Experimental Section

2.1. Material and Experimental Setup

The experiments were conducted on a layer stack synthesized on
a (001)-oriented Si wafer. This stack was derived by first ther-
mally growing an amorphous layer of SiOx (50–70 nm), followed
by a WTi layer of 250–300 nm deposited via physical vapor depo-
sition. Using magnetron sputtering, a 300 nm Cu seed layer is
utilized to subsequently deposit a 5 μm electrolytic Cu layer.
Annealing at 400 °C for 30min ensures a stable microstructure
with a final grain size of 2.7 μm. This material stack was studied
previously on separate occasions by Bigl et al.,[8] Wimmer
et al.,[19] and Alfreider et al.,[26] where further information regard-
ing the growth of the multilayer stack and mechanical character-
ization can be found. A quantitative sketch of this multilayered
material is depicted in Figure 1a. During the deposition process,
the WTi layer experiences temperature changes, leading to
compressive residual stresses of 1.5 GPa.[10] Small pieces
(around 3� 10mm) were broken from the wafer for sample
preparation. Precutting of the cross-sectional area of the wafer

was performed on an Auriga platform (Carl Zeiss AG,
Oberkochen, Germany) equipped with a femtosecond laser
ablation unit (Origami 10 XP, Onefive GmbH, Regensdorf,
Switzerland),[39] and focused ion beam (FIB) milling with currents
ranging from 500 pA to 20 nA at a voltage of 30 kV was utilized to
produce the final geometry (LEO 1540 XB, Carl Zeiss,
Oberkochen, Germany). The high currents were used to establish
rough cuts of the final sample geometry. These were reduced for
the finer cuts and polishing steps to reduce the impact of Gaþ ion
damage to the microstructure and prevalent residual stresses.[40]

This strategy was successfully implemented for similar sample
dimensions in ion beam layer removal experiments, which sug-
gests that no major changes in the initial residual stress state
of the system are introduced.[31,32] An example of a finished beam
is shown in Figure 1b. The geometry of the samples was 95 to
100 μm in length, and the thickness of the Cu and Si layers
was between 3.8 and 5.5 μm, equally distributed around the central
WTi layer. In total four samples, with widths ranging from 3 to
9 μmwere fabricated to study differences in deformation behavior.

The in situ experiments were conducted in a scanning
electron microscope (SEM, DSM 982, Carl Zeiss AG,
Oberkochen, Germany) using an apparatus capable of heating
the sample holder via induction, the functionality of which is
described in great detail elsewhere.[41] After acclimatizing for about
48 h inside the SEM to ensure that organic surface contaminations
are removed to a sufficient extent and that thermal equilibrium is
reached, the samples were heated three times from room temper-
ature (RT, air-conditioned 22 °C) to final temperatures, which were
measured at the sample holder, between 275 and 400 °C. The offset
to the actual sample temperature should not exceed 1 °C.[41] These
temperatures typically occur during the manufacturing of micro-
electronic devices as well as during short circuits and represent
the maximum temperature such devices should be able to
endure.[25] In regular temperature intervals, the temperature was
held constant to take detailed images of the deflecting multilayer
beam, with magnifications of 1000� and 5000� for curvature
measurements, respectively. This leads to low heating rates with

Figure 1. a) The studied material system is schematically shown in with the white Si substrate, the black SiOx, the diagonally hatched, gray WTi, and the
horizontally hatched, orange Cu layer. b) An example of the beam geometry is shown, c) while the used geometry for the finite element analysis (FEA)
model is shown.
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a maximum of 50 °Cmin�1 between heating steps and approxi-
mately 4 °Cmin�1 on average over the course of one heating cycle
(an example heating cycle can be found in Figure 2). Between the
individual cycles, the sample was cooled passively via thermal radi-
ation and conduction through the sample holder which took
approximately 60min from 400 °C back to RT.

2.2. Digital Image Correlation

To assess the curvature of the beam at the respective tempera-
tures, the 5000� detail images of the beam were stitched using
paint.net (dotPDN LLC, Seattle, USA). The linear blending tool
smoothed the overlapping areas. This leads to a panoramic image
with a resolution of 30.8 px μm�1. In Figure 1b it is evident that
the SiOx–WTi interface has the highest contrast. Therefore, this
interface is chosen in further analysis to represent the curvature
of the beam. To detect it, a semiautomatic pipeline was pro-
grammed in Python 3.8. This included a Canny edge detection
algorithm, a masking step to reduce calculation time andmemory
usage, and conversion of the image to binary to apply a connect-
ing composites algorithm.[42] Several user inputs are required to
optimize the detection of the interface. Used packages include
OpenCV 4.0.1, NumPy 1.20.3, and SciPy 1.7.1. Using the bending
line equation, it is physically reasonable to use a second-order
polynomial equation to fit the individual perpendicular interface
positions y of the beam as a function of temperature, as

zðxÞ ¼ c0
x2

2
þ c1x þ c2 (1)

The coordinates are represented by x in beam direction and z
perpendicular to it, as shown in Figure 1b. Regarding this article,
the beam is treated uniaxially due to its slender geometry as
proposed by Timoshenko.[43] Therefore, the curvature can be cal-
culated considering the second derivative of the x–y relationship
in Equation (1) as

κ ¼ � d2z
dx2

¼ �2c0 (2)

Using the determined curvature values and their correspond-
ing temperatures allows for useful insights into internal stress
states, as will be explained later.

2.3. Finite Element Analysis

To validate the experimental results, FEA was conducted using
ABAQUS (Dassault Systèmes SE, France). Similar simulations
showed that it is necessary to model a portion of the bulk wafer
the beam is attached to.[31] Figure 1c shows the chosen geometry.
The bulk part was 50� 50� 50 μm3, while the exact beam geome-
try was taken from the respective samples. The rounding of the
edges was chosen by educated estimates. The offset of the front
edge of the wafer is 10 μm. For the Si and WTi layer, linear elastic
behavior is assumed, while the Cu layer was modeled with a per-
fectly plastic onset after the elastic regime (this is called yield
strength and will be denoted as σy). This onset is temperature-
dependent and was investigated in prior works byWimmer et al.[22]

The used material parameters are listed in Table 1. Regarding
the meshing, hexagonal linear elements were used and the max-
imum element size was at most a fifth of the respective layer
thickness. The earlier mentioned compressive stresses were also
implemented as a biaxial stress state in the WTi layer. The cho-
sen boundary conditions on the bulk part of the model restricted
the translational movement of the three sides not visible in
Figure 1c in the normal direction of the respective plane.

2.4. Internal Stress Model

To estimate the internal stresses, a model was built on a bilayer
approach proposed by Chu.[11] It can be seen in Figure 3a how a
material stack behaves during heating in the case that α1 < α2, α
being the coefficient of thermal expansion. Due to the larger α2,
the upper layer expanded more than the lower layer, resulting in
the curvature of the beam and a stress discontinuity. The strain
on the other hand experienced a continuous behavior as long as
no delamination occurs (compare Figure 3b for the elastic case of
three layers). Chu’s model is solved only for elastic material
responses and did not consider additional layers or residual
stresses. Therefore, these important points shall be addressed

Figure 2. A typical heating cycle, showing the nominal (blue, dashed line)
and the actual temperature (orange, solid line) as well as the average
heating rate (green, dash dotted) and the maximum heating rates in
between scanning electron microscope (SEM) image taking.

Table 1. Used mechanical properties for the FEAmodel, including young’s
modulus E, and Poisson’s ratio υ.

Material E [GPa] υ [–] α [Wm�1 K�1·10�6] T [°C] σy [MPa]

Si 170[52] 0.25a) 2.6[6] – –

WTi 330[53] 0.34[54] 4.5[55] – –

Cu 110[56] 0.35[57] 16.7[6] 20[22] 142[22]

100[22] 140[22]

125[22] 130[22]

150[22] 125[22]

200[22] 107[22]

400[22] 79[22]

a)Average from multiple sources.[52,58,59]
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in the derivation of the present improved model, which we shall
name PARS standing for plastic and residual stresses.

2.4.1. Elastic Case

The stresses within the three layers can be calculated using the
following equations

σxx,SiðzÞ ¼ ESi z� tSi
2

� �
κ þ εSi

h i
(3.1)

σxx,WTi zð Þ ¼ EWTi z� tSi þ
tWTi

2

� �� �
κ þ εWTi

h i
þ σWTi (3.2)

σxx,CuðzÞ ¼ ECu z� tSi þ tWTi þ
tCu
2

� �� �
κ þ εCu

h i
(3.3)

The normal stresses in x-direction σxx are in dependence of z,
the variable in stacking direction. The thicknesses of the individ-
ual layers are denoted by ti and εi is the uniaxial strain acting on
the respective layer. The residual stresses of the WTi layer are
added by σTiW. If residual stresses of other layers are known,
these can be implemented likewise. As no delamination occurs
between the layers, the continuous strain leads to the following
invariant points at the respective interfaces

εxx,Siðz ¼ tSiÞ ¼ εxx,WTiðz ¼ tSiÞ (4.1)

εxx,WTiðz ¼ tSi þ tWTiÞ ¼ εxx,Cuðz ¼ tSi þ tWTiÞ (4.2)

with

εxx,SiðzÞ ¼ z� tSi
2

� �
κ þ εSi þ αSiΔT (5.1)

εxx,WTiðzÞ ¼ z� tSi þ
tWTi

2

� �� �
κ þ εWTi þ αWTiΔT (5.2)

εxx,CuðzÞ ¼ z� tSi þ tWTi þ
tCu
2

� �� �
κ þ εCu þ αCuΔT (5.3)

The resulting equilibrium of forces within the beam can be
expressed as

ΣF ¼ 0 ¼ ESitSiεSi þ EWTitWTiεWTi þ ECutCuεCu þ σWTitWTi (6)

Solving Equation (3)–(6) leads to an analytical solution to the
problem in the elastic case.

2.4.2. Plastic Case

In the case of the plastification of one of the layers, the model
becomes more intricate. As WTi and Si both remain elastic
within the conducted experimental settings, only Cu is consid-
ered to deform plastically. This case is schematically shown in
Figure 3c. At high temperatures, the compressive stresses exceed
the yield strength and plastic deformation initiates at the
WTi–Cu interface. Increasing the temperature further deforms
a larger volume of material plastically. The plasticity shall be
estimated with a bilinear hardening model (Figure 4a). This is
possible as the required ultimate tensile strength data and the
corresponding strains are available at different temperatures
between RT and 400 °C.[22] Combined with the data regarding
the yield strength σy, it is possible to estimate a linear hardening
modulus H. This leads to a behavior sketched in Figure 3c
and the splitting of the Cu layer into two parts, refining
Equation (3.3) to

σxx,Cu zð Þ ¼
�
HCu z� tSi þ tWTi þ tCu

2

� �� �
κ þ εCu

� �þ σy,Cu þ σh, σxx,Cu > σy,Cu þ σh
ECu z� tSi þ tWTi þ tCu

2

� �� �
κ þ εCu

� �þ σh, σxx,Cu ≤ σy,Cu þ σh
(7)

Due to the plastic deformation upon annealing (loading),
tensional residual stresses are induced after cooling to RT
(unloading), which are accounted by σh.

These internal stresses can be calculated using the bilinear
hardening model at different temperatures in hysteresis of

compression and tension (compare Figure 4b). The dotted red
line shows the actual behavior, while the green line shows the
simplified behavior which is sufficient for calculations.
Starting at any residual stress value σh,i the sample is heated from
RT and deforms elastically. As the yield strength decreases with

Figure 3. Illustration of the heating of two layers of materials with different coefficients of: a) thermal expansion. b) Qualitative sketch of the elastic and
c) plastic case of the proposed PARS model.
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increasing temperature the trend of the red line is observed,
where after a first initial yield at some temperature, the stress
decreases since the yield limit decreases as well with further
increasing temperature. After fully heating to 400 °C, the green
and red line join in the same stress–strain value pair. This is true
for any final temperature, which is the reason why the approxi-
mation of the green line is valid. It should be pointed out that this
decrease in stress is not related to stress relaxation, but only to
the decrease in yield strength with increasing temperature, as a
stable microstructure can be expected up to 400 °C in the Cu
layer, ensured by a prior heat treatment at 400 °C after multilayer
stack fabrication.[8] Upon cooling the beam deforms elastically up
to a yield point corresponding to that temperature. Now, the tem-
perature decreases further, which increases the yield strength.
Therefore, the green line approximation is again valid, as at
RT both lines coincide again. This point arises from the yield
strength and the plastic modulus HRT at RT.

This combination of elastic–plastic properties at elevated and
RT gives rise to a hysteresis, which allows calculating the residual
stresses within the plastically deformed copper layer, but also
the plastic strain and the dissipated energy due to deformation
(see Figure 4c).

To complete the set of equations necessary for solving the
plastic case, the equilibrium of forces can be written as follows.
Note that it changes considerably to the elastic version in
Equation (6), as several new terms are added.

ΣF ¼ 0

¼ ESitSiεSi þ EWTitWTiεWTi þ tCuεCu xHCu þ 1� xð ÞECuð Þ
þ σWTitWTi þ σy,CutCu þ σhtCu

(8)

The ratio between elastic and plastic deformation is denoted
by x (compare Figure 3c and Equation (7)). The resulting system
of Equations (3.1), (3.2), (4.1), (4.2), (7), and (8) is only solvable
numerically, which is done using Newton’s method to obtain the
root of the homogeneous force equilibrium equation.

It shall be pointed out that this approach can be easily
extended to more layers, resulting in more but similar equations.

3. Results

Themeasured curvature values with their corresponding temper-
atures can be found in Figure 5. As the general trends are the
same for all samples, the green sample in Figure 5 is chosen
for representation purposes. A representative heating cycle is
depicted in Figure 2 showing the heating of the sample in steps
to take SEM images (as can be seen in Figure 6), followed by
passive cooling. An actual video of the experiment can be found
online in Supporting Information S1.

Analyzing the curvature and temperature values via the equa-
tion system proposed in the preceding chapter yields the results
shown in Figure 7. Using the FEA model, the same information
can be extracted. This is done by measuring the internal stress
vertically at the geometric center of the beam. The resulting graphs
are shown in Figure 8. In both figures, the horizontal axis depicts
the stresses and strains within the beam, while the vertical axis
shows the material stack using the corresponding color scheme
to Figure 1a. The left column shows the stress conditions within

Figure 4. a) Depiction of the Cu deformation state for a bilinear hardening model. b) During plastic deformation, residual stresses σh are induced in the
copper layer. This process is shown by the red, dotted line (actual behavior) and the green line (approximation used for calculations). c) The dissipated
energy during a heating cycle is shown by the shaded area and the plastic strain is depicted by the dashed red lines.

Figure 5. Curvature values as a function of three consecutive heating
cycles. RT stands for room temperature; HT refers to high temperature.
The specifically reached peak values are written in the corresponding color
next to the symbols.
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the multilayer stack at RT, while the right column shows the
high-temperature configuration, with the exact temperature
labeled at the top of the graph. Each row depicts one heating cycle.
In Figure 7a, 8a the elastic deformation due to the residual stresses
in theWTi layer can be observed, as the stresses deviate from zero.
Starting with Figure 7b, 8b dash-dotted lines are introduced to
indicate boundaries between elastic and plastic deforming regions.
Below this line, the Cu layer is plastically deformed as the stress
exceeds the yield strength at this temperature. Also, the elastic
region of the Cu layer as well as the Si andWTi layer show a typical
elastic stress gradient. The residual stresses within the WTi layer
are distributed onto the Cu and Si layer. In the following RT plots,
starting with Figure 7c, 8c, two dash-dotted lines are shown. The
upper one corresponds to the elastic–plastic border, similar to the
preceding one, while the lower one indicates the boundary
between the material that has been solely plastically deformed
at high temperatures and the material beneath it, which has been
plastically deformed during heating as well as cooling steps. This
results due to reverse bending, which introduces tensile stresses
that exceed the yield strength at RT. The next Figure 7d, 8d
illustrates the fact that higher temperatures deform a larger
volume plastically compared to Figure 7b, 8b (ΔT ¼ 25 °CÞ. Up
to Figure 7g, 8g, the following heating cycles are shown, with sim-
ilar trends as described up to this point. Figure 7h, 8h summarizes
the total plastic strain after all heating cycles at the end of the
experiment. In this figure, it is evident that at the interface
between WTi and Cu the highest strains are accumulated, as
the highest stresses are repeatedly introduced there.

4. Discussion

In the following, it shall be discussed to what extent the proposed
PARS model is suited to estimate the internal stresses in

thermomechanical, cyclic experiments compared to the FEA sim-
ulation. At the beginning of the experiment, the FEAmodel starts
with an initial curvature value of κ ¼ 0 μm�1, as no optimizing
algorithm was implemented into the FEA model. This is only
true as long as no residual stresses in any layer are considered.
As this is clearly not the case considering the experimental data,
the starting point is more accurately predicted by the proposed
analytical model, as it considers the initial curvature of the beam.
It therefore always fulfills the condition ΣF ¼ 0.

After the initial heating step, the differences between the two
models become less significant. The curving of the beam leads to
increasing stress gradients in all layers, which is resembled in
the plots of Figure 7 and 8 by a decreasing slope, as it is inverse
proportional to the stress gradient. The residual stresses within
the WTi layer relax significantly, while the Si layer shifts into the
tensile stress regime. As a bilinear stress–strain relationship is
used for the approximation of hardening in the proposed model,
the border between elastic and plastic deformation within the Cu
layer is quite distinct. Following a similar trend, the FEA model
shows a smoother transition from elastic to plastic deformation
toward theWTi–Cu interface. Later cycles experience higher tem-
peratures, which leads to a larger plastically deformed portion of
the Cu layer.

Figure 9a compares both models at the final state of experi-
ment. As discussed earlier, the stress behavior is similar in both
cases, showing small or even negative stress values at the top of
the film, slowly changing to tensile stresses close to the yield
strength at RT. However, one difference is the behavior close
to the WTi–Cu interface. The PARS model shows a decrease
in stress level, which can be related to the remaining curvature
at this temperature (RT). Therefore, an advantage of the PARS
model can be highlighted as it considers actual experimental val-
ues, showing that maximum tensile stress is experienced not
directly at the interface, but, depending on the curvature, at or
above the interface, whereas the FEA model does not use this
information. This remaining curvature can be linked to the
already-mentioned residual stresses in the individual layers.

Comparing the two plots showing the accumulated plastic
strain reveals the same characteristics (Figure 9b). A small por-
tion at the top of the beam of �1 μm in height is only elastically
deformed. The FEA model predicts less strain at the top of the
layer and a larger absolute value for the accumulated strain at the
interface, but both models produce values in the same order of
magnitude. Further experiments with different beam widths
indicate that the discrepancy between the models increases with
beam width, as can be seen in Figure 9c, but trends and order of
magnitude stay the same. The proposed PARS model does not
account for the width of the beam, while the 3Dmodel of the FEA
analysis does. The discrepancy is expected as the geometry of
thin film structures has a considerable influence on the yield
stress of the material.[44,45] Usually, this is linked to film thick-
ness, but it may be extended to the width of the sample beam.
Still, it should be pointed out that the general trends can be mod-
eled quite well even for thicker beams and only the quantitative
results differ slightly. The models differ in their implementation
of plastification. The FEA model uses a perfectly plastic yield,
while the PARS model used a bilinear hardening approach.
As the Cu layer shows homogeneous deformation in the plastic
regime this approach is sufficient, since it makes both models as

Figure 6. Three steps of the heating cycle, starting at RT, followed by 200
and 370 °C. With increasing temperature, the curvature value increases as
well. The last image shows the final state after cycling.
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Figure 7. a–g) Stress and h) total plastic strain accumulated after thermal cycling plots produced by experimental data and the PARS model. Every row
shows a cycle where the left column depicts the stresses at RT, while the right column depicts the situation at maximum cycle temperature. The dash
dotted lines divide the Cu layer into regions of elastic deformation (top), plastic deformation during heating (middle), and plastic deformation during
heating and cooling (bottom) in the left column. For the right column, it divides the Cu layer into the elastic (top) and plastic (bottom) parts.
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Figure 8. a–g) Stress and h) total plastic strain accumulated after thermal cycling plots produced by the FEAmodel. Every row shows a cycle where the left
column depicts the stresses at RT, while the right column depicts the situation at maximum cycle temperature. The dash dotted lines divide the Cu layer
into regions of elastic deformation (top), plastic deformation during heating (middle), and plastic deformation during heating and cooling (bottom) in the
left column. For the right column, it divides the Cu layer into the elastic (top) and plastic (bottom) parts.
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streamline as possible. If one were to use temperature-dependent
σ–ε curves, this would imply a lot of background interpolation
between the temperatures.

The plastic modulus never gets higher than H ¼ 3 GPa.[22]

However, this is data which is derived from tensile experiments.
As was explained in Figure 4b, 7, and 8, parts of the Cu layer get
deformed plastically in tension and compression. For the first
step, it is adequate to use only tensional data as this is the con-
servative approach. But the compressional flow curve differs
from the tensional one, which suggests a possibility to improve
the models.[46] The data for this specific Cu layer was not avail-
able during experimental evaluation, but it is indicated by RT
nanoindentation experiments that the yield strength is approxi-
mately twice as high in compression than in tension.[9,46]

If available, the PARS model could be extended to use hard-
ening behavior information of the respective materials from flow
curves determined in tension and/or in compression. However,
the main point of this work is to show a proof of concept of a
simple analytical model. Therefore, the implementation of more
complex models will remain the focus of future work.

During the heating cycles, high temperatures of up to 400 °C
are reached. Especially in Cu, this might lead to significant relax-
ation processes or even microstructural changes as this temper-
ature is equivalent to 50% of the melting point of pure Cu.[47] In
the present case, however, a stable microstructure is ensured due
to a heat treatment of the material stack after fabrication at 400 °C
for 30min. Therefore, no relaxation is expected to take place dur-
ing heating to temperatures of 400 °C and below, especially as
holding times at higher temperatures never exceeded 10min.

Both models consider the residual stresses in the Cu and Si
layers to be zero. This assumption is not entirely true, as during

deposition the residual stresses of WTi have to be countered by
the Si wafer. It was shown that these are not distributed evenly by
ion beam layer removal experiments.[32,48] Nevertheless, it shall
be assumed that residual stresses are spread evenly within each
layer as a first-order approximation to simplify the mathematical
models. A 250 nm thick WTi layer with �1.5 GPa compressive
stress induces 0.5 MPa in a 725 μm thick Si wafer. This justifies
the assumption of a quasi-stress-free substrate, which is also
encouraged by findings produced with the ion beam layer
removal method.[31,48,49]

In the ion beam layer removal experiments conducted by
Chen et al., the residual stresses found in a 400 nm Cu layer were
as high as 200MPa.[48] Considering that the yield strength and
the ultimate tensile strength of the herein-used Cu are smaller
than 200MPa, this estimate shall suffice for the purpose of illus-
tration. In a 5 μm layer of Cu, this would lead to 16MPa, which
equals around 10% of the yield strength of the material. This
might not have a significant impact on the predictions of the
models, but still should be considered for future experiments.
Notably, with the herein-presented experimental setup, it is
not possible to measure the residual stresses of the individual
layers. Therefore, an alternative experimental setup shall be pro-
posed, which in combination with the introduced model is capa-
ble of calculating the residual stresses within a three-layer
material stack.

Again, it is assumed that the substrate is free of stresses.
Therefore, σSi ¼ σr,Si ¼ 0MPa is known. σr,Si depicts the residual
stress of the Si layer. In Figure 10, one can see the proposed
setup for the experiment. During sample preparation, another
beam is prepared with the same geometry and a removed Cu
layer. The resulting curvature is solely related to the residual

Figure 9. Comparison of the final state after the experiment, in terms of: a) stress- and b) strain-distribution. In c) the root mean squared (RMS)
difference between PARS and FEA model is shown versus the beam width.

Figure 10. Suggested experimental setup for a concurrent bi- and trilayer experiment.
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stresses within the WTi layer. For the bilayer, the equation sys-
tem introduced in Section 2.4.1 is simplified and reduces to
Equation (3.1), (3.2), (4.1), (5.1), and (5.2). The force equilibrium
is then expressed as

ΣF ¼ 0 ¼ ESitSiεSi þ tWTi EWTiεWTi þ σr,WTi
� �

(9)

σr,WTi can thus be determined iteratively, for example, using
Newton’s method. However, it is important to stay in the elastic
regime of the material combination.

Using σr,WTi leads to the elastic case depicted in Section 2.4.1
with Equation (3.3) and (6) changing to

σxx,Cu zð Þ ¼ ECu z� tSi þ tWTi þ
tCu
2

� �� �
κ þ εCu

h i
þ σr,Cu (10)

ΣF ¼ 0

¼ ESitSiεSi þ tWTi EWTiεWTi þ σr,WTi
� �þ tCu ECuεCu þ σr,Cu

� �

(11)

Again, σr,Cu has to be determined by iteration and it should be
noted that plastic deformation is not considered by this model.
Therefore, the curvature should be measured at RT and small
elevated temperatures (50 °C). Subsequently, the gathered resid-
ual stresses can be implemented into the plastic case as per-
formed in this article for the WTi layer.

In this work, residual stresses are treated to be constant over the
layer thickness. While this simplified assumption delivers reason-
able quantitative results, it could be improved by experimentally
obtained residual stress gradients determined, for example, by
ion beam layer removal or the ring hole and core milling
methods.[31,32,37,38,48–51] However, this would be a significant work
in its own right and therefore not covered within this article.

This setup is closely related to the ion beam layer removal
method and other residual stress measurements techniques like
X-ray diffraction or wafer curvature measurements.[6,31–38] The
advantage of the present method is that residual stresses can be
estimated in the same experiment as thermomechanical properties,
while still being an in situ experiment capable of observing micro-
structural changes and the potential onset of damage formation.

5. Conclusion

The goal of the proposed experimental setup and model was to
provide a simple tool to estimate the internal stresses of multi-
layered structures during thermomechanical cycling. In general,
an existing model was extended to three-layer systems, including
residual stresses of layers and enabling plastic deformation
within the layers. Based on experimental microscale curvature
data, the generated results were compared to a 3D FEA model.
Internal stress distribution trends and the accumulated strain
agree well in both models, suggesting the proposed model to
be sufficient for fast estimates or large-scale screening purposes.
Furthermore, this can be useful when assessing the stress differ-
ence at layer interfaces, which could be linked to the delamina-
tion of these layers.[28] As the model does only consider two
dimensions, the agreement of both models gets increasingly fur-
ther with increasing sample width but stays within reasonable

limits. However, it is quite evident that the amount of time saved
is significant. As the FEA model is 3D, the simulations took time
spans in the order of 10 to 20min for every sample, while the
PARS model calculates and saves plots within seconds for all
samples.

With the used experimental setup, it is not possible to indepen-
dently measure the residual stresses of the respective layers.
Therefore, a new experimental strategy is proposed that enables
simultaneous measurement of residual stresses and the assess-
ment of cyclic thermomechanical behavior. The analytical model
and the adapted experimental setup are applicable to other material
structures as well and could be conveniently employed for systems
with more than three layers, too, thus accounting for the common
complexity in modern microelectronic systems. If necessary, more
complex hardeningmodels of plastic layers as well as more detailed
residual stress profiles within the layers could be incorporated if
the respective information were available for the respective system.
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