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Abstract

Thin film architectures with brittle and ductile material layers are often combined for
functionality. Easy to fracture brittle films are often necessary due to their function as diffusion
barriers, adhesion or protective layers. Especially in the field of flexible and wearable
electronics brittle materials may cause short lifetimes. Direct current magnetron sputtered
bilayers on a polyimide substrate containing brittle Mo and ductile Al layers (Al/Mo/PI and
Mo/Al/PI) as well as Al films (Al/PI) were subjected to equi-biaxial loading with in-situ X-ray
diffraction measurements. The setup enabled the extraction of the stress and full width at half-
maximum as a function of the strain. The data yields deeper insights into underlying
deformation and fracture mechanisms and the significance of the layer arrangement. It will be
demonstrated that for stretchable applications the position of the Mo layer affects the fracture

strain of the bilayers and the individual layers.
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Metal thin films supported by polymer substrates have applications in flexible
electronics, foldable displays and even in space exploration. The most common method to
evaluate such thin film systems is uniaxial straining to induce cracking and sometimes
delamination of the films. While uniaxial testing does have significant merit, biaxial straining
is more suited to the material system’s application load. Furthermore, when combined with in-
situ X-ray diffraction (XRD) [1-3] multilayer film architectures can be examined more
thoroughly by providing vital information about the mechanical behavior of different metals in
multilayer nanolaminates [4,5]. Of further interest is to examine how the layer order of a simple
bilayer system affects the mechanical behavior. It has already been demonstrated that the
addition of brittle adhesion or protective films generally leads to an embrittlement of a normally
ductile film compared to single ductile films under uniaxial loading [6-9]. However, only few
studies investigated the mechanical behavior of material systems, such as Au, Ni, and W/Cu,

under biaxial loading conditions [2,3,10,11].

Al/Mo bi- and trilayers are currently used as electrodes in many display applications
[12—14]. Here, a bilayer system of Al/Mo will be compared to a single layer of Al. It will be
demonstrated that the placement of the brittle Mo film in the Al/Mo bilayer architecture strongly
influences the mechanical behavior of the bilayer. The study of the interface order in the bilayer
system leading to multilayer nanolaminates will help design better and more robust
nanolaminates for various applications ranging from flexible electronics, wear resistance, and
even radiation protection [4,15-19]. Indeed, in the case of two-layer systems deposited on a
polymer substrate, the differences in behavior can be very significant. On the one hand, the
adhesion energy with the polymer necessarily depends on the metal in contact with the polymer
[5,20]. On the other hand, the mechanical contrast between the two layers has a major
importance on the overall behavior. Indeed, in the case of a very thin bilayer as compared to

the thickness of the substrate, which loads the whole system above it, the continuity of the



displacements at the successive interfaces (on the global and local scale) is the key
phenomenon. The polycrystalline nature of these layers (showing nanograins) should result in
strain heterogeneities that would be different depending on whether the interface with the
substrate is with a brittle or ductile layer. Indeed plasticity induces intra- and intergranular
heterogeneities at the nanoscale [21], while cracking of a brittle layer induces heterogeneities
less related to the microstructure but more to the crack density [22]. Thus, it is likely that the
order of deposition between a rigid/brittle layer and a less rigid and ductile layer will affect the
strain distribution. Both phenomena can be probed by the in-situ study of X-ray stress and

full width at half-maximum FWHM (see references [23] and [3], respectively).

Therefore, the aim of the paper is to elucidate the influence of the layer order on these
strain heterogeneities and thus to the whole mechanical behavior in biaxial loading. Single and
bilayers of Al and Mo films were deposited onto 50 um thick Upilex-S polyimide (PI) foils
using direct current (DC) magnetron sputtering. The substrates were pre-cut into cruciform
shapes similar to Ref. [2] using 16 mm wide arms. Films were deposited using an industrial
scale magnetron sputter system (FHR.Line.600-V) equipped with a planar Al target (600 x 125
mm) and a rotary Mo target (@ 125 x 600 mm) using an Ar flow rate of 300 sccm, corresponding
to a pressure of 0.53 Pa. For the 250 nm Al films, a DC power of 3.5 kW and deposition time
of 70 seconds was used. The 50 nm Mo films were deposited with a DC power of 4.5 kW and
deposition time of 9.5 seconds. To avoid edge effects [1] the films were partly etched away
after deposition, leaving only undamaged circles of the thin films (diameter ~1.5 cm) in the
center of each cruciform for testing. Two bilayer architectures were created, namely Al/Mo and
Mo/Al. The two bilayers and a 250 nm Al single film were equi-biaxially strained to about 3%
at the DiffAbs beam line at the synchrotron radiation facility SOLEIL [10], following a similar
procedure as in Ref. [3]. With the incident angle and XPAD detection angle fixed, a hybrid

pixel area detection was used to obtain a full intensity versus 2-theta curve simultaneously.



Additionally, the instrument resolution was evaluated to be 0.05 degrees and the correction of
the FWHM does not significantly change the reported values. Before straining the surface
roughness of all samples were measured with atomic force microscopy (AFM, DI 3100) and
found to be in the range of 15 nm to 17 nm. After straining examined with scanning electron
microscopy (SEM, Zeiss LEO 1525) and focused ion beam (FIB, Zeiss LEO 1540XB

workstation) cross-sections.

Equi-biaxial straining of the single Al and the Al/Mo and Mo/Al bilayer films illustrated
how the architecture of the layers influences the mechanical behavior. Starting with the single
250 nm Al film (Figure 1a), four different domains of mechanical behavior are observed in the
stress and FWHM data. The FWHM provides information about the lattice defect density and
strain heterogeneities through peak broadening and helps to determine the different regions with
film stresses [24,25]. Domain I is the elastic behavior (linear stress increase, constant FWHM)
and is followed by Domain II, micro-plasticity, when dislocations are activated in the Al film.
Domain II is defined as a continued increase to bending over of the stress behavior and an
increase of FWHM and is specific to the Al film (a different mechanism is present in Mo since
it behaves brittle [26]). In the next region, Domain III, the stress level slightly decreases while
FWHM continues to increase with a lower rate compared to II. Domain III is characterized by
localized plastic deformation, more commonly known as necking and is a characteristic
deformation mechanism of ductile thin films on polymers [6,27]. Finally, Domain IV
exemplifies the through thickness cracking behavior resulting in clear stress relaxation and
constant FWHM. The sudden drops in film stress and FWHM at 3% stem from instrumentation
and are not characteristics of film deformation. The observed domains are similar to those noted
by Faurie, et al. [3] for biaxial straining of Ni films with the difference that for Al the necking

and fragmentation domains are observed as two clearly separate regimes. For the Ni films in



Ref. [3] no stress plateau is observed, possibly because of the reduced film thickness of only 50

nm.
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Figure 1: Al and Mo film stresses and FWHM measured from in-situ XRD equi-biaxial
straining experiments illustrating the deformation domains (I: Elastic, II: Micro-Plasticity (Al)
or Strain Heterogeneities (Mo), III: Necking, and IV: Fragmentation). (a) Al 111 peak of the
Al/PI, (b) Al 111 peak of the Mo/Al/PL, (c) Al 111 peak of the AI/Mo/PI, (d) Mo 110 peak of
the Mo/Al/PI, and (e) Mo 110 peak of the Al/Mo/PI. The red dashed lines through (b-d) and
(c-e) illustrate where the transition between different deformation regimes converges for Al
and Mo.

The same four mechanisms are observed in the Al layers of the Mo/Al/PI bilayer
(Figure 1b) and the AI/Mo/PI bilayer (Figure 1¢). The onset of early plastic deformation in the
Al films in the bilayers (Domain II: Micro-Plasticity) occurs at similar stress levels as the single
Al film. The influence of the Mo layer on Al deformation in the bilayer systems becomes
apparent in Domain III, depending on whether the Al film is on the PI substrate (Figure 1b) or
on the Mo (Figure 1c). For Mo/Al/PI the stress decreases and the FWHM increases similar to
the single Al film (Figure 1a), but Domain III ends at lower applied strains. When Al is on Mo

(Figure 1c) the FWHM remains constant, indicating reduced plasticity and dislocation activity.



Different FWHM trends in Domain III depending on the layer order evidence that the bilayer
order influences the mechanical response of multilayers. After necking (Domain III),
fragmentation (Domain IV) is observed in both bilayers as a pronounced decrease in the

measured stress and constant FWHM values.

In the Mo layers only three domains are observed (Figure 1d,e). For both bilayers,
elastic behavior (Domain I) is followed by Domain II, then fragmentation and stress relaxation
(Domain IV). In the bee Mo film, plasticity is difficult to initiate, thus the FWHM increase in
Domain II for Mo is defined by increasing strain heterogeneities induced via the Al-Mo
interface rather than micro-plasticity present in Al films. The different Domain II mechanisms
will be further discussed later. In contrast to Al fragmentation, the FWHM of Mo increases
when Mo is directly deposited onto PI (Figure le) and decreases when Mo is above Al
(Figure 1d). For the AI/Mo/PI system, the onset of Domain II in the Mo layer coincides with
necking (Domain III) in the Al and later on both layers fragment simultaneously (compare
Figure 1c and e, red lines). When Mo is a top coating (Figure 1d), the elastic region is extremely
reduced compared to the case when Mo is an interlayer and an almost instant increase in FWHM
is observed upon straining (Domain II). This Mo Domain II is followed by Mo fragmentation
(Domain IV) as revealed by stress relaxation. In this configuration (Mo/Al/PI), the onset of Mo
fragmentation coincides with the onset of necking in Al (red line between Figure 1b and 1d)
and appears before Al fragments indicating a mutual influence of the two layers. This behavior
has been previously shown for the Inconel/Ag/Teflon system [7], and is noteworthy because
the brittle layer fragmentation also occurs at lower applied strains. The FWHM behavior is
different in the brittle Mo films, where it either continued to increase in Domain IV (Figure 1e)
or decrease (Figure 1d). The difference depends on the position of the Mo layer as an interlayer

or top layer and the opposite behavior of the Mo FWHM is not yet understood.



Further examination of the FWHM curves helps to identify and distinguish the different
deformation mechanisms of Al and Mo in Domain II. In both cases, Domain II is characterized
by an initially linear increasing film stress and a first-time increase of the FWHM from the
initial plateau value. However, the relative variation of FWHM in the Mo films is rather small
compared to the relative variation of FWHM found in the Al films (Figure 2). For all three Al
films, FWHM increases from approximately 0.15° to about 0.25° within Domain II, making the
relative increase 70%. In contrast, the increase of FWHM of Mo is only from 0.48° up to 0.5°
for AI/Mo/PI and from 0.37° up to 0.42° for Mo/Al/PI. This different magnitude of FWHM
increase is an indication that different physical mechanisms, namely micro-plasticity (Al) and
strain heterogeneities (Mo), are present in Domain II during equi-biaxial straining, whereby
micro-plasticity causes a larger FWHM increase compared to strain heterogeneities. Regarding
strain heterogeneities in the Mo layers, the two different bilayer geometries need to be
considered separately. In the case of the Mo interlayer, localized necking of the overlying Al
film (Figure lc-e, red line) is transmitted at/via the Al-Mo interface inducing strain
heterogeneities in Mo. The situation is slightly different for the Mo overcoat being strained by
the underlying Al film. The very early increase of FWHM in Figure 1b-d can be explained by
(1) an increased roughness of the Mo/Al interface compared to Mo/PI, (i) the difference in
residual stresses of Mo layers (-0.5 GPa vs. -2 GPa), and (iii) micro-plasticity in Al, creating
strain heterogeneities in the Al film, which are in turn transmitted to Mo at the interface. The

associated FWHM increase (14%) is higher compared to the interlayer case (4%).
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Figure 2: Comparison of the FWHM values for Al 111 and Mo 110 for all film
systems. The difference in the relative FWHM increase indicates that two different physical
mechanisms are activated in Domain II for the Al (micro-plasticity) and Mo (strain
heterogeneities). The approximate domains I-IV are also indicated.

During the final stage of fragmentation under equi-biaxial loading (Domain IV), the
formation of through thickness cracks reduces the average stress measured in all layers and has
been observed in other in-situ XRD experiments [6,7,28]. Post-mortem SEM micrographs
(Figure 3) of the samples also show that through thickness cracking occurred. The
fragmentation of the Al single film (Figure 3a) is difficult to observe due the surface roughness
and relaxation of the PI substrate, which closes cracks that may have formed [29,30]. However,
the XRD data clearly indicate stress relaxation by through thickness cracking. The cross-
sections of the bilayers (Figure 3b,c) showcase that cracks in the Mo layers directly correlate to
cracks in the Al film, regardless of the layer order. The correlation of the Al and Mo cracks has
been observed before for uniaxial tensile straining of Al/Mo bilayers of different thicknesses
[9]. Another feature of biaxial straining is the mud crack pattern, best visible in Figure 3d.
Through thickness cracks were observed when the Mo was on top of the Al layer and necking
is more pronounced with Mo as the interlayer. The stress data also illustrate that the necking

regime is longer when Mo is an interlayer between Al and PI.
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250 nm Al

Figure 3: SEM micrographs after equi-biaxial straining of (a) 250 nm Al, (b) 250 nm Al/50
nm Mo/PI, (c) 50 nm Mo/250 nm Al/PI, and (d) Mo/Al/PI evidencing mud crack pattern on
the surface. Arrows in indicate through thickness cracks or closed necks.

The film architecture did not substantially influence measured stresses in the Al layers.
For all three Al layers, maximum stresses of 0.7-0.8 GPa were reached slightly above 1%
applied strain which corresponds to the transition from Domain II to Domain III in Al. The
similar maximum stresses indicate similar microstructures in the Al films. At this same strain,
the Mo layers transition from Domain I to Domain II or Domain II to Domain IV, depending
on the layer order. Fragmentation of the Al layers occurs between strains of 1.6-2.0%, which is
the same strain range where fracture of Mo was observed. Compared to Al, the Mo layers reach
higher maximum stresses under equi-biaxial loading, which can be equated to the fracture
stresses due to the absence of Domain III. The Mo interlayer achieved the highest maximum
stress of about 4 GPa at 2% applied strain. This strain also corresponds to the end of the necking
domain and the beginning of the fragmentation domain for the overlying Al film (Figure 1b,d).
For the Mo/Al/PI bilayer system, the Mo layer reaches a maximum stress of only 1.4 GPa at

about 1.2% applied strain, which corresponds to the end of micro-plasticity and the beginning



of the necking domain in the underlying Al film (Figure 1b,d). The lower strain value as
compared to the Mo interlayer configuration can partly be due to the different residual stress
state (-0.5 GPa vs. -2 GPa), whereby compressive residual stresses shift fracture to higher
applied strains [26]. The Mo/Al/PI bilayer has the lowest Mo fracture stress and fracture of Mo
and Al occurred at lower strains compared to the other film systems which were equi-biaxially
strained. These comparisons further demonstrate that film architecture has a significant

influence on the mechanical behavior.

Equi-biaxial straining with in-situ XRD measurements of different single and bilayer
thin film architectures of Al and Mo was performed. These experiments revealed that the ductile
Al films go through four domains of mechanical behavior while the brittle Mo films only exhibit
three domains. Comparing the biaxially strained film systems, it was shown that Mo interlayers
can reach higher maximum stresses compared to when the same Mo layer is placed on top of
the Al film of the same thickness. Unexpectedly, similar maximum stresses and FWHM values
were observed in all Al layers of the same thickness in the different architectures. The results
presented here illustrate that multilayer film architectures greatly influence the mechanical
behavior and brittle top layers in bilayer systems with ductile and brittle components are worse

for both layers compared to using a brittle interlayer.
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