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Abstract

Residual stresses in thin films and multi-layered coatings fabricated by physical vapour
deposition largely affect their mechanical and thermal reliability during operation in
numerous fields of applications. By changing the argon working pressure in between each
multilayer planar DC magnetron sputter deposition step, it is possible to control the residual
stress distribution within coatings. A combination of FIB-DIC ring-core strain analysis,
synchrotron XRD analysis based on the sin’(¥) method and micro-cantilever deflection
analysis is used to reconstruct the in-plane stress state of multilayer coatings at different
deposition pressures, with a residual stress depth profile resolution of 50 nm. A clear
transition from compressive to tensile residual stresses is observed with an increase of
working pressure, with pronounced stress peaks near the substrate-coating interface. These
peak stresses resolved by FIB-DIC ring-core analysis exceed the average XRD stress
measurements significantly, thus providing a reasonable explanation for multilayer failure.
Experimental results are presented and comprehensively discussed in the context of
deposition conditions for different thin film applications.
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1 Introduction

Nano-multilayers allow for the design of materials with unique mechanical, electrical,
optical and functional properties by combining the advantages of different materials in a
layered structure [1]. Copper and tungsten (Cu/W) multilayers are promising candidates for
the thermal management at micro and nano scale, combining the excellent thermal and
electrical conductivity of Cu with the low thermal expansion and high mechanical strength
of tungsten [2—4].

Magnetron sputter deposition as one of the most popular Physical Vapour
Deposition (PVD) methods includes a wide range process parameters, such as the argon
working pressure, the target power and the substrate bias and temperature. These
parameters can be used to fine-tune the stresses and the microstructure at the nanoscale
during deposition [5]. Influencing factors have been systemically studied for decades [6],
however, thicknesses used in technology have reduced significantly since then, away from
several micrometre thick coatings towards the (sub-) nanometre scale, while the demands
for thermal and mechanical reliability have increased. To bridge this gap, thorough
knowledge of the relationship between deposition parameters and spatially resolved thin
film properties are required. In the same time, analysis methods have improved
significantly, allowing deeper insights into material property distributions as ever before.

Accurate estimations of residual stress are a key factor for their reliability design of
nanostructured thin films and coatings [7]. Many applications, such as microelectronics,
Micro Electromechanical Systems (MEMS), and sensors rely on the structural integrity of
coatings, which are often only few nanometres thin. The arising complex stress field during
energetic deposition, such as magnetron sputtering, is difficult to predict accurately, due to
the number of interlinked mechanisms at atomic level involved [8]. Experimental
measurements are therefore of crucial importance for understanding and designing the
residual stress in thin films.

Recent advances in the resolution of combined Scanning Electron Microscopy (SEM)
and Focused Ion Beam (FIB) devices have allowed for the development of new methods
for the spatially resolved study of residual stresses at the nano scale [9]. Two main
approaches have been presented recently: cantilever-based [10,11] and ring-core based
[12,13]. The first type relies on deflection measurement of a coated cantilever, while
removing individual material layers with the FIB and observing the change of deflection,
allowing to calculate the stress state of the coating at a resolution of around 50 nm. The
advantage of this method lies in the fact that no surface preparation is required, as the
deflection is easily measurable. A clear disadvantage, however, is the fact that the cantilever
is usually being milled on an edge of the sample, which requires sample cutting at the risk
of stress field modifications. Sectioning the sample in preparation for cantilever milling
thus carries the risk of disturbing the pre-existing stress field.

Ring-core based techniques rely on the creation of a stress-free material island by step-
wise material removal [14]. During strain relief, frames are being acquired, which later
allow for the reconstruction of the residual stress state. As this method requires a very high
level of accuracy in surface point correlation via Digital Image Correlation (DIC), patterned
surfaces need to be prepared for this method. One large advantage, however, is the
possibility to probe the stress state at any location on the sample without altering the stress
state. In addition, the milling times required are significantly lower as compared to micro-
cantilevers, with a duration of around 20-40 minutes per measurement point, depending on
the ring-core diameter. For this analysis, the ring-core depth profiling method was
employed [14], which will be further explained in the following section. To confirm the
FIB-DIC results, a micro-cantilever was milled in the centre of the sample and the
deflection profile was extracted.



Finally, major advances regarding the availability, brilliance and focusing capability
of Synchrotron light sources in the recent years have allowed to perform spatially resolved
stress measurements of thin films and coatings by nano-diffraction. Albeit very complex
sample preparation, this method permitted reliable insights into the residual stress state of
coatings [15]. To confirm and expand the insights gained from the FIB-SEM methods, we
employed classic wide-angle X-Ray diffraction for sin’(y) analysis [8,16,17] to extract
averaged residual stress magnitude present in the multilayer. The results presented in this
article will be thoroughly discussed.

The residual stress variation during nucleation, grain boundary formation, single film
growth and multi-layer deposition is complex and combines several mechanical effects.
Understanding how the residual stress in nano-multi-layered systems arises during
deposition at different working gas pressures therefore requires breaking the deposition
process into smaller, mechanically meaningful intervals. In a first step, a single layer of
tungsten is being deposited onto a Si substrate. Subsequently, the deposition is interrupted
for a short period of time, after which a layer of copper is grown on the tungsten surface.
This process is then being repeated for further nine bilayers of Cu/W. During these
individual deposition steps, the residual stress within the coating changes significantly.

During nucleation and island growth on the substrate, the global average stresses are
close to zero, due to the lack of a uniform film [8]. After the initiation of island coalescence,
the residual stress becomes tensile, as the free surfaces convert into grain boundaries.
During this process, it is of energetic advantage for the islands to accommodate internal
tensile strains in order to form a uniform film and share grain boundaries with neighbouring
islands [18]. As soon as the film has grown to a uniform layer, the effects of energetic
particle bombardment begin to dominate the stress state. The phenomenon, known as
‘atomic peening’, affects the residual stress state significantly [19]. Highly energetic
particles impacting the surface lead to recoil implantation of coating surface atoms and
integration of argon atoms into the films. More specifically, the impact of particles on the
surface also incorporates defects into the structure through displacement sequences within
the grains [8]. The momentum propagation during magnetron sputter deposition can lead to
both the motion of atoms to energetically favourable sites, such as vacancies, but also to
the creation of point defects such as interstitials. These effects add up to a highly densified
layer, which is stored mechanically as compressive residual stress.

Changing the in chamber pressure modifies the stress state significantly — a
phenomenon that has been well-known for many years [6]. Several phenomena contribute
to this effect: firstly, the larger quantity of Ar atoms in between the sputtering target and
the sample surface result in a significantly lower mean free path length for the sputtered Cu
and W atoms. The atomic peening effect is therefore reduced by a significant amount, as
there is a larger momentum transfer between the working gas and the sputter material,
resulting in a lower impact energy at the sample surface. This also leads to a reduced level
of atomic implantation in between the grain boundaries. Finally, in addition to the lack of
atomic peening and grain boundary implantation, a high working pressure inside the
magnetron chamber leads to the tensile stress due to the formation of an under-dense
columnar growth morphology, which is typical for refractory metals such as tungsten [8].



2 Material and methods

2.1 Multilayer deposition

Five multilayer systems were deposited onto naturally oxidized monocrystalline silicon
(001), which were cleaned prior to deposition by acetone and ethanol rinsing, and dried
under nitrogen flow. The working pressure (P) was varied from sample to sample using the
following chamber pressures: P1=0.50 Pa, P> = 0.66 Pa, P; = 0.74 Pa, P4 = 0.81 Pa and Ps
=0.89. Before deposition, the target was clean sputtered while the substrates were protected
by a shutter. Each multilayer consists of ten bilayers of Cu/W 50/50 nm thin films were
deposited at room temperature (RT) by planar magnetron sputtering in DC mode using Ar
as working gas in a high vacuum system (base pressure ~1+10° Pa), resulting in a total film
thickness of 1 um. The sputtering rate was calibrated using X-ray reflectometry (XRR).
Each of the W and Cu targets were 7.6 cm in diameter, with a purity 4N (i.e., 99.99%). The
thin films were deposited at a constant target power of 130 W, using unbalanced magnetron,
on grounded rotated substrates. The target-to-substrate distance was 18 cm.

2.2 FIB-DIC ring-core depth profiling

The FIB-DIC ring-core method is a well-established and thoroughly verified method for
the semi-destructive probing of residual stresses at the micron scale. It is based on the
gradual removal of material in a ring-core shape (Figure 1) with the intermediate acquisition
of SEM frames at each milling steps. Mechanically disconnecting the central material
‘island’ from the surrounding strain field leads to a full elastic strain relief. This can be
observed by tracking surface points of the central island using DIC in post-processing at an
accuracy of around € ~ 10~>, which can then be used to back-calculate the average residual
stresses present in the probed volume prior to milling, if the elastic properties of the material
are known. Recent advances in this technique allow to extract the depth-dependant stress
and strain profiles in milling direction, based on the FIB-DIC strain relief profiles and by
employing the eigenstrain theory [20].

As the DIC requires a trackable surface pattern to correlate images from different
milling steps without altering the residual stress state of the samples measurably, a 4.1 nm
thin Au/Pd layer was deposited on top of the multilayers using a commercial sputter coater
(SC7620, Quorum Technologies) at a sputtering rate of 0.092 nm-s™'. A fixed target-to-
sample distance of 45 mm was chosen, and the process current was adjusted to 18 mA.
Subsequently, the surface was exposed to the FIB at a low beam current of 0.20 nA at 30
kV, creating a nanoscale surface speckle pattern [21] without affecting the multilayer
beneath. This was confirmed by cross-sectional high-resolution SEM imaging. To confirm
that the Au/Pd contrast layer did not alter the residual stress state in the multilayer systems,
a 30 nm thin layer of Au/Pd was deposited on a 75 pm Kapton substrate, while the curvature
was recorded in situ. The substrate did not show any change in curvature, confirming that
the residual stress within the DIC contrast layer can be neglected for further analysis.

Subsequently, ring-cores of three different diameters were milled step-wise into the
sample using FIB. The diameter of the ring-core was chosen according to the desired depth-
sensitivity, as the sensitivity for strain reconstruction is limited to a depth-to-diameter ratio
of h/d = 0.4. In the final analysis, a maximum of h/d = 0.25 was used. As a consequence,
the chosen ring-core diameters for this analysis were D1 =10 um, D> = 5 um and D; = 3
um, and for each diameter three ring-cores were produced to minimise the statistical scatter
of results (Figure 1). While Ds returned the best depth resolution for the coating, D1 probed
further into the substrate and was used to analyse the interaction between substrate and
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coating. D> as intermediate diameter improved the statics of both the coating and the upper
part of the substrate. The FIB was operated at a beam energy of 30 keV and a beam current
of 0.20 nA for the D; and D, ring-cores. For the D3 ring-cores, however, a lower beam
current of 0.04 nA was chosen to minimise the ion beam damage [22-25] of the smaller
central island surface area. After each milling step, five SEM images were acquired for DIC
analysis to improve the tracking statistics. As each ring-core affects the residual stress field
due to local strain relaxation, the correct spacing needs to be chosen in between
measurement points. It was shown that a distance in between ring-cores of five times the
ring-core diameter is sufficient to avoid any mechanical interaction between points [9].
Therefore, the distance in between points corresponds to 5:D of the larger ring-core,
respectively (Figure 1).

Figure 1. Arrangement of FIB markers for DIC depth-profiling analysis. Ring-core
diameter indicated on the left.

2.3 Synchrotron XRD

To confirm the obtained FIB-DIC measurements, Wide-Angle X-Ray Scattering (WAXS)
experiment was performed at the B16 beamline at Diamond Light Source (UK) in grazing
angle scattering geometry. The chosen photon energy was 18 keV with a beam size of
250-250 um?, collimated by crossed slits, and a grazing angle of o = 1°, resulting in a large
interaction volume of the beam with the coating and therefore improved pattern statistics.
The WAXS patterns were acquired for 360 s using an Image Star 9000 detector at a sample-
detector distance of 6610~ m, which was calibrated using a Lanthanum hexaboride (LaBs)
sample. The setup is shown in Figure 2.
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Figure 2. Synchrotron WAXS setup using collimated X-Ray beam and 2D area detector

The obtained WAXS diffraction patterns are shown in Figure 3, along with the identified
phases and crystal orientations. Only the upper half of the Debye-Scherrer rings was used
for further analysis, as the lower half was mostly absorbed by the substrate and did not
contain any additional information for strain reconstruction due to the two-fold symmetry
of powder diffraction rings.



Cu {200}
Cu {111}
W {110}

Figure 3. Synchrotron WAXS patterns of Cu/W 50/50 nano-multilayers deposited at
different magnetron Ar working pressures. Crystal orientations are identified in the top

figure.

2.4 Micro-Cantilever Deflection

To cross-check the measured residual stresses within the coating by a further independent
method, a micro-cantilever was milled at the centre of the sample deposited at P; = 0.5 Pa,
using the FIB at 30 keV energy and 0.2 nA beam current. In this way, it was ensured that
the analysed stress field was undisturbed, as opposed to machining a micro-cantilever at a
cut cross-section. One arising consequence, however, is the non-square shape of the
cantilever cross-section caused by the inclined angle during milling, which needs to be
accounted for an accurate residual stress reconstruction. Subsequently, SEM frames were
acquired at an electron beam energy of 5 keV. Shape, dimensions and deflection of the
cantilever are shown in Figure 4a, alongside the measurements extracted from the SEM
frames shown in Figure 4b.
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Figure 4a. Deflected micro-cantilever prepared by FIB milling. Top right corner: shape
and dimensions of the cross-section, showing a clear contrast between Cu/W coating and
Si substrate. Figure 4b. Deflection measured from SEM data, plotted alongside parabolic
fit. Box: cross-section of cantilever from SEM frame.



3 Calculation

3.1 FIB-DIC micro-ring-core milling

To obtain full-field displacement and thus strain relief profiles, a MATLAB based DIC
software was used to track surface points [26]. Subsequently, the strain relief profiles for
the three measurement points of each ring-core diameter were averaged to a single profile.
From this averaged strain relaxation profile, the residual elastic strain depth profile was
reconstructed by following the approach described in [14]. The analysis was performed by
analysing information provided by the strain relief curves lying within the normalised range
0.015<h/D <0.25. Where & the milling depth and D is the ring-core diameter [14]. An
example of strain relief profiles for the sample deposited at Ps = 0.89 Pa is shown in Figure
5 for all three ring-core diameters against the FIB material removal depth, 4. The 95%
confidence interval shown as shaded area around the relaxation profile is determined by
two error sources: 1) the uncertainty of the DIC process &p;¢, which is determined by the
tracking error of pixels which are smoothed by a Gaussian filter; 2) in order to extract the
average strain relief taking place in the central ring-core island monitored by DIC, a first
order polynomial is fitted to the displacement across the pillar diameter along the sought
direction. The slope of this polynomial corresponds to the relaxation strain, leading to a
slope fitting error 8f;;. These two errors are then combined by following the appropriate
error summation rules.

%107

—D1 =10pm, €

Relief strain ¢, dimensionless

0 1 2 3 4
Distance from sample surface [um]
Figure 5. Relief strain for ring-cores of different diameters on the sample deposited at a

magnetron working pressure of P1 = 0.89 Pa. The shaded areas around the plot lines
represent the 95% confidence interval.

Converting the obtained elastic strains to stresses [14] requires the Young’s modulus E and
Poisson’s ratio v, which were assumed to be 102 GPa and 0.34 for nano-crystalline Cu and
338 GPa and 0.36 for nano-crystalline W, respectively [1]. These properties were averaged
by following the rule of mixture and considering a material ratio of Cu:W of 1:1, resulting



in average elastic properties of E, yw =220 GPa and v,y = 0.35. To calculate the stress
within the substrate, a Young’s Modulus of Es; = 160 GPa and a Poisson’s ratio of 0.27
were used [27], which explains the discontinuity of the residual stress profiles at a depth of
1 um, caused by a change of elastic material properties used for calculation.

The resulting stress depth profiles are shown in Figure 6, which clearly reveal a
transition in residual stress profiles from compression to tension with increasing magnetron
chamber pressure during thin film deposition. The depth resolution of the shown stress
graphs, which is directly linked to the milling step size, corresponds to the thickness of
individual layers (50 nm). The 95% confidence boundaries resulting from averaging the
probed stresses for several ring-core diameters and several measurement points per
diameter are shown as shaded areas around the stress profiles. The larger error close to the
multilayer surface can easily be explained by looking at the strain relaxation profiles in
Figure 5. Smaller ring-core diameters increase the uncertainty significantly, due to their
smaller DIC tracking surface area. As the smaller ring-core diameters probe the stresses
closed to the surface, the error increases in this region.
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Figure 6. Residual stress depth profiles for different magnetron working pressures obtained
from the FIB-DIC ring-core method. The shaded areas around the plot lines represent the
95% confidence interval.

3.2 Sin%(P) analysis of XRD data

In order to extract the residual stress from the obtained WAXS patterns, the sin?(y)
technique was used. Having been developed in the early stages of experimental residual
stress analysis, the sin?(‘P') technique is often being referred to as a method of reference to
determine residual stresses [28,29]. As an experimentally easy and non-destructive near-
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surface technique, it is mainly used to obtain averaged residual stress values, due to the
comparably large beam size of laboratory X-Ray sources.

In contrast to the synchrotron XRD pattern acquisition chosen for this work, the
traditional laboratory setup relies on a sample being illuminated with photons at an energy
of around 8 keV. The obtained Bragg peaks are then collected by a point detector, resulting
in a one-dimensional 20 vs. intensity line profile. This traditional laboratory setup therefore
requires tilting the sample around a line parallel to its surface (‘¥ angle), to capture the stress
induced lattice distortions can be observed by a shift in the measured 26 peak position. The
resulting sin?(‘P) vs. lattice parameter profiles can then be used to extract the average
residual stress within the beam interaction volume.

A much faster way of capturing the sin’(¥) behaviour involves the use of high
energy WAXS with high photon flux, as presented in section 2.3. The use of area detectors
with small pixel size and at short sample-detector distance allows to collect the full
diffraction ring, as the 20 range is narrowed down by the high photon energy. As the Debye-
Scherrer cone angle approaches 90°, the scattering vector k, is moving on a plane
perpendicular to the laboratory coordinate system, which is approximately perpendicular to
the sample surface at sufficiently small angle of incidence a. This scattering geometry
results in a residual stress probing direction normal to the sample surface (Figure 7).

Figure 7. Diffraction geometry during synchrotron WAXS acquisition. Red: incoming and
diffracted wave vectors Kin and Ks. Beamline coordinate system in white.
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To extract the sin? (W) behaviour of the coating, the obtained patterns were integrated by
azimuthal binning in 22.5° steps, starting from the central 6 = 0° position up to 6 < £90°,
resulting in a total number of nine measurement points. The comparably large step size for
integration was chosen due non-uniform patterns caused by texture. Fit2D was used for
integration, after an initial calibration using the acquired LaB6 diffraction pattern. High
accuracy distortion correction was performed based on the calibration pattern prior to the
experimental data analysis, ensuring the exclusion of spurious results. Four fully available
Debye-Scherrer rings (Figure 3) were selected for azimuthal integration: W{110},
Cu{l11}, Cu{200} and W {200}, of which all showed a linear eg,’g (sin?(¥)) profile.

To calculate the angle W based on the azimuthal angle &, the following relationship was
employed [16]:

cos(¥) = sin(a) sin(0) + cos(a) cos(8) cos(6) (1.1)

Depending on the residual stress state within the diffracting material volume, the

e (sin?(¥)) behaviour can adopt different shapes [30]. To determine the residual stress

state with the highest accuracy, the following relation based on an elliptical stress-strain
relationship were adopted [31]:

I dew — do
¥ dO
1+v ) ] -
=z {011 cos? (@) + 012 5in(2¢) + 03, sin*(¢) (12)
1 .
— 033} sin? ) + 5{033 — V011 — VO, }

+ %{013 cos(¢p) + 0,3 sin(¢p)} sin(2¥)

The angle ¢ refers to the rotation of the sample around the global y-axis (Figure 7). The
same elastic properties E and v were used as shown above for the FIB-DIC depth profiling
analysis. Further justification for this assumption despite stronger texture at lower
deposition pressure will be provided later, based on the ratio of g, to gy,. The reference
lattice parameter do was set to be the d-spacing at & = 0, which will be justified at a later
point.

Based on the origin of residual stresses within nanometric multilayers through island
growth and grain boundary atom implantation, we can assume an equi-biaxial residual
stress field in the surface plane direction of the sample. This simplifies the problem by
assuming that ¢ = 0, gy, = 0,,, which yields

d‘l’ - d‘l’=0
dy=o
_ 1+v

E
1+v
+ T0-13 Sin(zlp).

1
{01, — 033} sin?(¥) + 5{033 — 2voy4} (1.3)

This can be rewritten as:
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dy —dy-—
gy = ————2 = A+ Bsin®(¥) + Csin(2¥),

d‘[—’=0
1 1+ 1+v (1.4)

v
A= 5{033 —2voy1}, B = T{Un —033},C = TUB-

It can easily be seen that the only component showing a measurable sensitivity towards a
change in dy_, is the ellipse intercept with the y-axis A. For the further analysis, only the
parameters B and C will be used, as they show no significant sensitivity towards a change
in do. It is therefore possible to determine the composite residual stress {g,; — 033} and the
shear stress g;5 without accurate estimation of do.

The out-of-plane stress (g33) and shear stress (g,3) components were found to be
negligible compared to the in-plane component. The calculated linear fits representing ey =
B sin? ¥ are thus shown in Figure 8 alongside the experimental data. The presented data
shows the evolution of the sin?(¥) behaviour depending on different magnetron chamber
deposition pressures. The data error bars indicate the 95% confidence intervals for the
Gaussian fitting of the diffraction peaks, based on the following error calculation for strain:

2

_ \/(Sd“’)2+(8d"’=°)2 +<5dﬂ>2 (1.5)
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Figure 8. Sin’*(y) profiles of the W{l110} reflection after deposition at three different
magnetron chamber pressures. Points: experimental WAXS data. Dashed line: fitted line

profiles.
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The so obtained in-plane stress value (0,7 — 073) are shown in Figure 9 and Figure 10,
respectively. The data clearly indicates significantly higher magnitudes of residual stresses
within W as compared to Cu. As this behaviour is clearly indicating a strong dominance of
isotropic W on the averaged residual stress, considerations regarding the orientation-
dependence of the elastic properties of Cu would not affect the final averaged measurably.
Further confirmation for this simplification can be drawn from the excellent agreement of
experimental data between FIB-DIC and XRD analyses, as shown on Figure 10. Figure 9
shows a residual stress variation in W from o0;; —d33 = —1 + 0.46 GPaat 0.5 Pa
deposition chamber pressure to 0.87 + 0.24 GPa at 0.89 Pa chamber pressure.
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Figure 9. Residual stresses 011, based on ellipse fitting parameter B for individual W and

Cu grain orientations..
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Figure 10. Comparison of residual stresses obtained from FIB-DIC and XRD

measurements.
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3.3 Micro-cantilever deflection

In order to compare the measured FIB-DIC with the deflection of a micro-cantilever, a
forward calculation approach was chosen, following the eigenstrain deflection model of
Korsunsky et al. [32]. A micro-cantilever was modelled to contain the residual stress profile
obtained from FIB-DIC analysis, while assuming a linear variation of residual stress within
the substrate down to a depth of 3.38 pum, corresponding to the total thickness of the micro-
cantilever. Based on this residual stress profile and the cross-sectional geometry obtained
from the real micro-cantilever, a curvature was predicted. To describe the residual stress
within the cantilever, the following formulation was chosen:

o) =E W) (a+b-y)-EW) O, 2.1)

in which y is the coordinate pointing from the coating surface downwards, E*(y) is Young’s
modulus depending on y, b is the curvature of the cantilever deflection, €*(y) is the
eigenstrain profile as a function of depth and a refers to the component of strain that is
uniform across the section and corresponds to the compressive deformation of the cantilever
[32]. Equilibrium conditions lead to the following relationships for resultant force and
moment, using a beam width function w(y):

F = fa(y) w(y)dy =0 (22)

M= [ot)- w0 -yay =0 23)

In the final step, the predicted curvature was compared to the one measured from the real
micro-cantilever. Using the eigenstrain profile £*(y) obtained from FIB-DIC returned a
predicted curvature of -754+56 m. This result is in excellent agreement with the
experimental data presented in 2.4, which shows a curvature of -800+18 m™!, resulting in a
relative difference of only ~6%. Detailed calculations are presented in Appendix 7.1.
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4 Results

The high spatial resolution of the FIB-DIC and eigenstrain nanoscale depth profiling
method allowed to reveal the details of the stress variation within Cu/W nano-multilayers,
as well as the stress-affected zone within the substrate.

The residual stress profiles clearly indicate the location of the stress peak at around 0.75-t.
distance from the sample surface, with tc being the thickness of the multilayer coating.
While approaching zero stress towards the sample surface, the stress peak magnitude can
lie significantly above the average stress measured by XRD, as shown by graph P; in Figure
6 - an information which is particularly useful for the mechanical design of coatings. A
clear correlation between the argon working pressure and the multilayer stress was made,
showing a transition from compressive residual stresses at low working pressures to tensile
residual stresses at higher pressures. It should be noted that not only the average stress value
magnitude increases for low/ high working pressures, but also the difference between the
peak stress and the average stress, making it highly important to consider the detailed stress
profiles for reliability design under these deposition conditions.

Further insights include the stress transfer from coating to substrate. Starting from the
substrate-coating interface, the residual stress asymptotically approaches the stress-free
state at a depth of around 3 um, which can be determined from extrapolation. Even though
the performed XRD analysis can only provide averaged stress levels, it adds a significant
amount of insights to this analysis, as the residual stress obtained by XRD and sin*('¥) can
be calculated for Cu and W separately.

Micro-cantilever deflection measurements confirmed the residual stress level determined
by FIB-DIC analysis and hence supported the calculations based on a combination of FIB-
DIC and XRD analysis. The agreement between FIB-DIC and micro-cantilever
measurements was excellent, with a difference of around 6%.
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5 Discussion

The residual stress state of thin films changes continuously during the magnetron sputter
deposition: from tensile residual stresses during island coalescence to compressive residual
stresses at low working pressures due to intergranular atomic implantation and atomic
peening effects. As reflected in the residual stress profiles presented in Figure 6, it is easily
possible to modify the residual stress state by changing the working Ar pressure inside the
magnetron chamber. The presented data supports previous models [6,8], which suggest that
a reduction in mean free path length of sputtering atoms reduces the atomic peening effect
and additionally leads to the formation of an under-dense columnar growth morphology.

A hierarchical analysis of stresses has been proposed using three different
independent and complementary techniques: firstly, XRD allowed assessing both Cu and
W average through-thickness residual stress magnitudes. By using exclusively sin?(‘¥)
ellipse fitting parameters which were independent of the stress-free lattice parameter do, a
robust analysis method was developed and employed. Consequently, detailed insights into
the strain accommodation mechanisms within different materials and grain orientations
were obtained (Figure 10).

Further to the above, the use of FIB-DIC ring-core milling permitted to study the
stress accommodation within the coating multilayer-substrate systems spatially resolved at
a high resolution of around 50 nm. Significant stress peaks became apparent, especially for
the samples deposited at P = 0.89 Pa (Figure 6), suggesting that under-dense columnar
growth in combination with a reduction of atomic peening significantly increases the
difference between average and peak stress within the coating. In addition, the residual
stress profiles showed that peak stresses occur in proximity to the substrate-coating
interface, which facilitates mechanical failures at the substrate-coating interface. A
discontinuity in the mechanical properties across this interface might promote mechanical
failure further.

Finally, the deflection of a micro-cantilever was predicted, based on the residual
strain relief profiles obtained from FIB-DIC, which matched the experimentally determined
cantilever curvature with high accuracy. The proposed way of calculation takes into account
the fact that the actual cantilever cross-section was not rectangular in the centre of the
sample due to geometric constrains during ion beam milling. This technique turned out to
be an ideal tool for the confirmation of experimental results obtained by novel experimental
techniques.

If chosen carefully, residual stress becomes an additional degree of freedom
available during engineering design process, not only by changing structural integrity
properties but also functional ones. For instance, compressive residual stress in coatings
can improve the tensile properties due to a pre-straining of the material. Not only the sign
and magnitude of residual stress is important, but also gradients of residual stress can play
an important role in modifying the final product’s properties. For example, a uniform stress
distribution is usually preferred, in order to avoid stress localisations within the coating,
which may result in failure below the expected level of loading. In this respect, using the
lowest possible working argon pressure to create compressive residual stress would not be
the best solution from the structural point of view, as a compressive peak is deposited in
near-substrate region which might give rise to failure. Instead, choosing a slightly higher
pressure might help the reliability of the coating by creating a uniform residual stress
distribution. If used in thermal applications, however, tensile residual stresses can be of
advantage, as they may avoid buckling upon thermal expansion, if the coating has a higher
thermal expansion coefficient than the substrate. Again, choosing the highest average
residual stress could be detrimental, considering the tensile peak in the near substrate
region. These examples show clearly the importance of the knowledge of stress profiles at
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high resolution as compared to average stress values which can easily be extracted from X-
Ray diffraction patterns.
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6 Conclusions

High resolution depth profiles, as provided by the FIB-DIC analysis, revealed for the first
time, how deposition conditions influence the stress distribution within nano-structured
Cu/W coatings. While previous studies were only able to observe average stresses, it has
become clear that these averages can significantly underestimate the confined peak stresses.
Therefore, relying on averaged data from XRD for stress design and reliability
considerations might lead to unexpected failure at locations of peak stress through
mechanisms such as interfacial slip, void formation and crack propagation. The data
obtained from the FIB-DIC depth profiling technique was cross-correlated with traditional
synchrotron XRD methods and showed a high level of agreement.
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9 Appendix

9.1 Cantilever deflection

To calculate the cantilever curvature based on the eigenstrain profile provided by FIB-
DIC analysis, the following Young’s modulus profile was used, based on the material
properties introduces in 3.1. The profile is shown in Figure 12.
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Figure 11. Distribution of the Young’s modulus vs. depth used for predicting the cantilever

deflection.

The eigenstrain profile €*(y) obtained from DIC analysis was approximated using a fourth
order polynomial and by assuming a drop in eigenstrain to zero at a depth of 3.38 um, which
corresponds to the total thickness of the micro-cantilever. The resulting eigenstrain function
is given by

W) =p-xt+px3+p3 x4+ p,-x+ps, (3.1)
pr= —2.77- 1020,p2 =192- 1015,p3 = —4.21" 109,p4 = 2348,
ps = 0.001731,

and shown in Figure 13.
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Figure 12. Eigenstrain profile obtained from FIB-DIC, extrapolated to a depth of 3.38 um
for predicting the cantilever curvature and presented alongside the 4" order polynomial

it

To represent the geometry of the cantilever cross-section , the following dependence of
width vs. depth was determined, which is shown in Figure 14:

3.852-107 + 0.3122-y,y < 2.162 um (3.2)

W) = {12.5626 +107¢ —3.7162 - y,y > 2.162 um

0 1 2 3 4
Depth [;m]
Figure 13. Width of the cantilever vs. depth as extracted from SEM frames for predicting
the cantilever curvature.

These formulae were inserted into the following relations based on (2.2) and (2.3), taking
into account the change of geometry and material properties with depth y:

1-107° 2.162:107° (3.3)
F = f o) -w@)dy' + f oy -w@')dy'
y=0 y=1-10"6
3.38:10°°

+f a(y)-wl)dy =0
y=2.162-10"6
1-107° 2.162:107° (3.4)
M=[ e we) yay+ () W) -y dy
y=0 y=1-10"6
3.38:107¢
" f o) w(y)y'dy =0
y=2.162-10"6

This returns the linear system of equations

A= [2.82-1130‘6 sz.fs? -.115)—_162] [Z] = [—;.02'2921%5—9 ’

The solution gives a = 0.0022 and b = -753.67+56m™!.
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