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Abstract

When ductile metal films on compliant polymer substrates are strained in tension catastrophic
failure can be suppressed by the substrate, thus allowing for their use in flexible electronics and
sensors. However, the charge carrying ductile films must be of an optimum thickness and
microstructure for the suppression of cracking to occur. Studies of strained films on polymer
substrates tend to have more emphasis on the electrical properties and thickness effects than on
the film microstructure or deformation behavior. To address both the electrical degradation and
deformation behavior of metal films supported by polymer substrates two types of combined
electro-mechanical in-situ tests were performed. First, is a combination of in-situ resistance
measurements with in-situ confocal scanning laser microscopy imaging of the film surface
during cycling. The 4 point probe resistance measurements allow for the examination of the
changes in resistance with strain, while the surface imaging permits the visualization of
extrusion and crack formation. Second, is the combination of in-situ resistance with in-situ X-
Ray diffraction measurements of the film stresses during cycling. The combination of electrical
measurements, surface imaging, and stress measurements allow for a complete picture of
electro-mechanical behavior needed for the improvement and future success of flexible

electronic devices.



Introduction

The lifetime of metal films on polymer substrates is an important parameter to know for
flexible electronic applications. However, for flexible electronics, there is still no generally
agreed upon failure criteria. Failure criteria for flexible film systems are diverse, and often only
use the electric resistance increase of 20-25% [1-4] or an extrusion density saturation based on
mechanical damage [5-8] as the hallmark of a failed device. Currently, there is no investigation
that examines the correlated electro-mechanical response to determine device lifetime. Without
having a universal, or at least clearly defined, failure criteria, researchers and manufactures will
not know if certain fabrication methods, such as printing, evaporation or sputtering, are more
reliable than others. The fabrication method is important due to the resulting microstructures
and interfaces which are responsible for the electro-mechanical behaviour and require more
scrutiny.

In the area of metal films on polymer substrates, a vast amount of research has been
performed on film thickness effects under monotonic tensile straining [9-12], adhesion [13,14],
and cyclic bending or tensile behaviour [9,15-18]. The general trend for film thickness which
has been found is that the thinner the film, the higher the yield stress or fracture stress. It has
been demonstrated that adhesion is not affected by the film thickness as long as the interface
remains the same [12-14]. Brittle adhesion and passivation layers have been shown to be
detrimental to the monotonic tensile behaviour [9,19,20]. Under monotonic testing conditions,
the brittle adhesion layer formed cracks at strains lower than the overlying ductile film and
these initial cracks acted as stress concentration points for further crack development in the
ductile film. The influence of brittle adhesion layers under cyclic loading conditions has not
been examined yet. However, interlayers can be expected to have very little influence on the
behaviour since the maximum strains generally do not exceed more than 2% and the thin brittle
adhesion layers may not fail at these low strains. Finally, the film microstructure has not yet
been heavily explored even though it is another main contributor to the mechanical and
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electrical behaviour. Berger et al. [21] examined the monotonic tensile behaviour of 200 nm Cu
films on polyimide substrates with different initial microstructures using in-situ atomic force
microscopy (AFM), 4 point probe resistance measurements (4PP) and X-ray diffraction (XRD)
experiments. The film with the larger, homogenous grain size did not perform as well as the
film with a bi-modal grain size distribution. Further work by Glushko et al. [18] comparing
evaporated and inkjet printed Ag lines of the same thickness found that the printed lines with a
nanocrystalline microstructure had a longer lifetime than the evaporated lines. It is known that
mechanical cycling can lead to extrusion and crack formation as well as grain growth [22-24]
in thin ductile films on polymer substrates. These failure mechanisms are dependent on the film
thickness, microstructure and interface character. With these findings in mind, the next step
would be to study the role of film microstructure and interface character under cyclic loading

conditions.

In this study, thin Cu films on polyimide are investigated in the (very) low cycle fatigue
regime to determine the electro-mechanical lifetimes. The Cu films have the same thickness but
different initial microstructures and interfaces with the substrate. Through the use of novel in-
situ-2x (in-situ-squared) [12,25] testing methods, the electrical behaviour can be directly
correlated to the mechanical damage induced by the cycling. The combination of two in-situ
techniques at the same time allows for a more complete understanding of the role film
microstructure has in creating long lasting flexible electronics and sensors. New, well-defined
failure criteria will be introduced that use both the electrical and mechanical failure as

indicators.

Experimental

Three different thin Cu film systems were produced for testing: an as-deposited 200 nm
Cu film, 200 nm film that was annealed at 200 °C for 1 hour after deposition without breaking

vacuum, and the third Cu film was produced with a 10 nm Cr interlayer (short form: CuCr). All
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films were deposited using electron beam evaporation onto cleaned 50 um UPILEX brand
polyimide (PI) using a deposition rate of 5 A/s. Straining samples sized 6 mm x 35 mm were
cut out of the three different Cu-PI sample sheets using a scalpel. Cyclic tensile testing with in-
situ XRD and confocal laser scanning microscopy (CLSM) experiments each with in-situ 4PP,
making both types of experiments in-situ-2x, were performed. In-situ CLSM experiments are
advantageous over scanning electron microscopy (SEM), AFM or optical microscopy due to
the speed of the imaging (approximately 2 minutes per image acquisition) and the larger
imaging area with 3-dimensional surface information at a comparable resolution.

All cyclic straining experiments were performed using an Anton Paar TS600 straining
stage with resistance probes incorporated into the grips as presented in [25,26]. The order of
cyclic straining experiments were implemented in the following manner: one cycle with slow
displacement rate (2 um/s, i.e. strain rate of 10 s™), ten cycles with fast loading rate (10 um/s),
one slow cycle, ten fast cycles, one slow cycle, 100 fast cycles, one slow cycle, 100 fast cycles,
and one slow cycle for a total of 225 cycles. Each slow cycle consisted of straining to 2%
maximum strain, hold for 5 minutes followed by unloading to O N. Due to the viscoelastic
response of the PI the films are cycled in an almost symmetric manner with plastic strain during
the loading and unloading path of the experiment. The fast cycles also went to a maximum
strain of 2%, but without the hold and unloading to 2 N. Two different displacement rates were
used to make the total time of the experiment manageable (approximately 7 hours). The
electrical resistance was recorded throughout all of the mechanical cycling. In-situ CLSM
experiments were carried out using the exact same loading conditions and cycle order on an
OLS LEXT 4100 confocal laser scanning microscope from Olympus. Images of the same area
on the sample surfaces were made before testing, during the hold times of the slow cycles and
after every slow cycle or set of cycles. The CLSM images were used to observe the evolution

of the deformation and characterize the extrusion spacing.



In-situ XRD straining experiments were performed at the synchrotron source BESSY 11
(Helmholtz-Zentrum Berlin fiir Materialien und Energie (HZB), Germany) on the beam line
KMC-2 [27] in order to measure the lattice strains and stresses of the Cu films during cyclic
tensile straining. The Anton Paar tensile device was positioned so that the sample surface was
in reflection geometry with the incoming synchrotron x-ray beam. In-situ measurements during
the slow cycles with a beam wavelength of 0.177 nm and a beam diameter of 300 um were
continuously performed at five different y angles using a Bruker VANTEC 2000 area detector
and an exposure time of 5 s. Lattice strains were analyzed by the sin2 ¥ method [28] (sin2 ¥
range 0-0.6 (-)) in the direction of the applied tensile strain. For this, peak positions and peak
widths were derived by fitting a Pearson VII function. Film stresses were calculated using X-
ray elastic constants (XECs) (1/2 S») [29] for untextured (111) Cu reflections. XECs were
calculated from single-crystal elastic constants assuming the Hill model with the software
ElastiX [30]. From these experiments, stress-strain curves averaged over the beam footprint on
the sample are calculated using Hooke’s law, where the Cu film stresses obtained by the
synchrotron data are plotted against the engineering strains measured with the tensile device.
The residual lattice strains were measured prior to and after every cycle or set of cycles with
high resolution at 11 different ¥ angles. The Cr interlayer (10 nm) was too thin to provide a
sufficient signal for sin2 ¥ analysis and was not used.

The grain size of the three films before and after cyclic straining was characterized using
SEM (Zeiss LEO 1525) and the TSL OIM Data Collection (version 5.31) with electron
backscatter diffraction (EBSD) scans. Three EBSD scans were made on each film and the grain
size and texture were determined. Figure 1 displays representative EBSD images of the three
films. For the as-deposited film only pixels that could be indexed are shown in colour (Figure
1a). The measured average grain sizes weighted by area are: As-deposited: 380+£130 nm;
Annealed 695+200nm; CuCr 800+250nm. All three films were previously strained with

monotonic loading to 12% strain with in-situ XRD to determine the mechanical behaviour



[9,21]. The measured yield stresses for the three films were determined as: As-deposited: 900

MPa; Annealed 750 MPa; CuCr 850 MPa.

Figure 1: EBSD images of the (a) as-deposited 200 nm Cu film, (b) annealed 200 nm Cu film,
and (c) as-deposited 200 nm Cu with a 10 nm Cr interlayer before cyclic tensile straining.
(Colour online)

Results

The cyclic in-situ-2x 4PP-CLSM experiments were ideal to observe the evolution of the
surface damage and resistance with increasing cycle number. Figure 2 illustrates the surface
damage and relative resistance ratios (R/Ro) as a function of cycling of the three different films.
After the first cycle, the CuCr film already exhibited surface damage in the form of localized
necking (not shown). At the end of 12 cycles (Figure 2a-c) still only the CuCr film had surface
damage in the form of localized necks. Necks were identified as drops in surface profiles
extracted from the CLSM height images, which are not shown. Figure 2 shows only the CLSM
laser images which better illustrate the surface damage. It should be noted that the dark spots
in the CLSM images of the annealed Cu film (Figure 2b) are residual native oxide islands that
could not be removed prior to testing. The resistance of the three films after 12 cycles is shown
in Figure 2d. The as-deposited Cu film’s R/Ro remains relatively constant, while it increases
slightly for the annealed Cu and CuCr films. All films would be considered electrically viable
(not failed) at this stage since the R/Ro values (maximum or minimum) do not increase over
20%, but mechanically the CuCr film has reached an extrusion spacing saturation level (Figure

3a). It should be noted that that R/Ro of the annealed Cu film is increasing more than the CuCr
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Figure 2: CLSM laser images taken during mechanical cycling for all three film systems with
the corresponding R/Ro measurements. (a-c) after 12 cycles, (e-g) after 123 cycles, and (i-k)
after 225 (or 145 for CuCr). The R/Ro curves as a function of time recorded during the in-situ
experiment are shown in (d, h, and I). Surface damage was observed after the first cycle in the
CuCr system, while observed after 123 cycles in the as-deposited and annealed systems.
(Colour online)

and is due to the normalization of the resistance with in the initial resistance, Ro. In this case,
the CuCr has a significantly higher Ro value than the annealed Cu and the impact of the change
in resistance is smaller in the CuCr making the increase in the R/Ro somewhat later than the
annealed Cu film. Therefore, the overall R/Ro trends of the three different films are the
important result rather than the direct comparisons between the three films. Figure 2e-g shows
the surface damage after the films were subjected to another 111 cycles (total 123 cycles). The
as-deposited Cu film exhibits some localized necking that is widely spaced, the annealed Cu
film has extensive necking and/or extrusion formation, and the CuCr film surface damage has
more connected extrusions and cracks. The R/Ro data after 123 cycles (Figure 2h) indicates that
the as-deposited Cu film still has a constant average R/Ro while for the annealed Cu and CuCr
films R/Ro has increased to above the 20% failure threshold. For the next set of cycles, the as-
deposited and annealed Cu films were further cycled 100 times, while for the CuCr film only
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another 24 cycles were performed due to a programming error. The as-deposited Cu film
illustrates more, but still highly localized damage (Figure 2i). Increased deformation of the
annealed Cu is observed in Figure 2j with more connected extrusions. The damage of the CuCr
film is similar to the damage after 123 cycles (Figure 2k). At this point, only the as-deposited
Cu film is still electrically viable as the R/Ro ratio is about 1.1 (equal to only a 10% increase of
resistance) (Figure 2I). The extrusion spacing evolution and the average R/Ro ratios for all three
films are shown in Figure 3. Interestingly, the extrusion spacings remain constant with cycle
number, with the exception of the as-deposited Cu, and even though the thickness of the Cu is
the same for all three samples, the extrusion spacings are quite different.

35 — . ; ' . 2

T
—e—Cu 200 nm

o
o

® Cu 200 nm

B Cu 200 nm/Cr 10 nm ==g==Cu 200 nm/Cr 10 nm
30 4 ~4— Cu 200 nm - Annealed

-
o

4 Cu 200 nm - Annealed

o

25

20+

Extrusion Spacing {um})
Relative Resistance {R/R )

5k
Thi b ¢
ol s ' L L 0.8l s L \ 4
0 50 100 150 200 250 0 50 100 150 200 250
Number of Cycles Number of Cycles

Figure 3: (a) Measured extrusion spacings a function of cycles for the three different Cu films.
On the 200 nm Cu film with 10 nm Cr interlayer system, extrusions were observed after 1 cycle
and the spacing saturated after 10 more cycles. After 123 cycles, extrusions formed in the
annealed Cu film and also reached saturation immediately. (b) Average R/Ro of the three
different films to more clearly illstrate the increase of the resistance with cycling. The lines are
only used to guide the eye and have no mathematical meaning. (Colour online)

The in-situ XRD experiments were used to determine the stress development in the Cu
films during straining and the stress state after cycling (in the unloaded state). Recall that the
15t 121%™, 23 and 124" cycles were performed slowly (2 um/s) to allow the continuous in-situ
XRD measurement for each film. Figure 4a illustrates the measured stress during straining to
2% of the as-deposited Cu film. It is important to note that the film undergoes tensile stresses
during loading and compression stresses during unloading, which are both necessary for
extrusions to develop. After the initial cycle the stress hysteresis slightly decreases, but after
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the 11 cycle (2" in-situ XRD cycle) the hysteresis loops of higher cycle numbers match. As
shown in Figures 4b and 4c, a similar behaviour (tension-compression, hysteresis loop
decreases) was observed for the annealed Cu film and the CuCr film, respectively. When all
three films are shown together (Figure 4d), it is clearly observed that the CuCr film has a larger
hysteresis than the films without the Cr interlayer. The as-deposited and annealed Cu films have
a very similar stress response. The larger hysteresis curves of the CuCr is most likely due to the
Cr interlayer which acts as a hard interface to dislocation motion and the results are similar to
those found by Xiang and Vlassak [31] using bulge testing on passivated and unpassivated

films.
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Figure 4: Film stresses meaured in-situ during the slow straining cycles for the (a) 200 nm as-
deposited Cu film, (b) 200 nm annealed Cu film, and (c) 200 nm Cu film with 10 nm Cr
interlayer. (d) Direct comparison of the three different films illustrating the larger hystersis of
the CuCr film system. (Colour online)

After every slow cycle or set of faster cycles a high resolution measurement of the lattice
strain was performed (Figure 5). The initial lattice strains of the three different films were
approximately the same with a value of about 0.1% tensile. After one straining cycle to 2%, the
lattice strains drop significantly to about 0.2% compressive. With further cycling, the lattice

strains of all three films reach a plateau at slightly above 0.4% strain compressive with the CuCr
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film always being slightly lower until 225 cycles. During the in-situ XRD experiment, the
annealed Cu film broke during the 2" set of 100 cycles and no final XRD measurements could
be performed. It is difficult to formulate a failure criterion based only on the lattice strain
measurement, however, the 4PP resistance data measured during the XRD experiments was
very similar to that measured during the in-situ CLSM experiments and could be used to

determine the electrical failure.
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Figure 5: Evolution of the Cu lattice strains measured after each single slow cycle or set of
faster cycles. All three Cu films show approximately the same behavior. (Colour online)

Figure 6: EBSD images of the (a) as-deposited 200 nm Cu film, (b) annealed 200 nm Cu film,
and (c) as-deposited 200 nm Cu with a 10 nm Cr interlayer after 225 applied 2% tensile straining
cycles. Compared to Figure 1, grain growth is observed in the as-deposited film (a). (Colour
online)
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The grain size of the as-deposited Cu film did increase slightly during the 225 cycles to 490+£150
nm (Figure 6a). This cyclic grain growth has been observed before in the same film system and
in Au films on polyimide [22,23]. Figure 6b and 6c are EBSD images after cycling of the
annealed Cu and CuCr films, respectively. The grain sizes do not significantly change with

cycling (Annealed: 650+200 nm; CuCr: 910£260 nm).

Discussion

Through the combination of electrical resistance measurements, CLSM surface imaging
and XRD stress measurements, a clearer idea about how the film microstructure and the metal-
polymer interface influence the lifetime of ductile conducting layers used in flexible electronics
was developed. First, the brittle interlayers do not help to enhance the mechanical stability and
actually cause cracks and extrusions to form even at very low levels of strain [9,20]. The CuCr
film showed damage already after the first cycle. Granted, the initial damage was only localized
necking, but the initial necking developed into extrusions and through thickness cracks with
continued cycling. This was illustrated by the immediate extrusion spacing saturation. The
evolution of the CuCr surface damage shown in Figure 2 demonstrates that not only the
extrusion spacing is important, but also the length of the extrusions [32]. Only when the necks
and extrusions became a complete network over the sample width was the R/Ro observed to
increase over 20%. After less than 123 cycles, the CuCr would be considered electrically failed
and was closely followed by the annealed Cu film at about 150 cycles. The annealed Cu film
has a large and homogeneous initial grain size compared to the as-deposited Cu and CuCr. This
large and homogeneous grain size is most likely the reason behind the observed early electro-
mechanical failure. With large grains, dislocations can move more easily compared to small
grains and the slip is more localized as soon as dislocations have a path where they can glide,
similar to the findings observed in Au films under cyclic bulge testing [24]. The annealed Cu

extrusion spacing also reached a constant value immediately, similar to the CuCr, with the
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extrusion network forming much faster over the sample width. The as-deposited Cu film did
not electrically fail after the maximum applied cycle number of 225 cycles because the relative
resistance ratio did not increase above 20%. Even though damage is present, the spacing has
not yet reached a constant value as observed for the annealed Cu and CuCr films. The difference
is the absence of a Cr interlayer and a bi-modal microstructure. The combination of the bi-
modal microstructure without an adhesion interlayer allows for grain growth without stress
concentrations from interlayer cracks. With the bi-modal microstructure, grain growth occurs
until a more homogenous grain size is reached and only then will extrusions and cracks initiate
in the large grains without the influence of an underlying Cr adhesion layer. The XRD
experiments support these conclusions. In the early cycling stages, the residual lattice strains of
the as-deposited film were slightly higher compared to the annealed Cu film and the CuCr film
(Figure 5). When the lattice strains for all three films converge at 123 cycles, damage is finally
observed in the as-deposited film (Figure 3a) and could indicate that grain growth is complete.
A more detailed experiment examining the grain growth with XRD was attempted, however,
the results were inconclusive. The large error bars of the extrusion spacing of the as-deposited
Cu film shown in Figure 3 illustrate that the damage is widely spaced and would still need at
least 100-200 more cycles to reach saturation and electrical failure. Ductile conducting lines
should be fabricated so that they have a metastable [22] or nanocrystalline microstructure [23]

which can grow when subjected to cyclic strain in order to improve the device lifetime.

Through the use of combined in-situ methods, new definitions of failure can be
presented. For example, the extrusion spacing reaches saturation well before the resistance
growth exceeds 20%. This means that the saturation of the extrusion spacing is the lower bound
of the lifetime and the electrical resistance ratio the upper bound. The saturation of the extrusion
spacing is an indication that the pathways for plastic deformation are set and with further
cycling will only continue to form through thickness cracks detrimental to the electro-

mechanical behaviour. Comparison of XRD and CLSM show that the saturation of the residual
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lattice strain also correlates well with the saturation of the extrusion spacing and can, therefore,
also act as a lower bound. When the extrusion spacing and electrical resistance increase
converge at the same number of cycles, as most likely in the case of the as-deposited film, then
an accurate lifetime can be determined which is based on informed electrical and mechanical

failure mechanisms.

Conclusions

Multiple in-situ methods were used to examine the combined electro-mechanical
behaviour of metal-polymer systems under cyclic tensile loading. The low cycle fatigue regime
was investigated with in-situ 4PP-CLSM and 4PP-XRD measurements to directly correlate the
electrical resistance with the mechanically induced damage and the evolution of the film stress.
Three 200 nm Cu films with different microstructures and interfaces were examined to
determine which film has the longer lifetime based on the electrical failure criteria (R/Ro
increase of 20%) and the extrusion spacing. It was found that a bi-modal (metastable) Cu
microstructure without a brittle interlayer outperforms a large homogenous microstructure
(about 1 pum sized grains) and a Cu film with a Cr interlayer by at least 100 cycles. The bi-
modal structure must first stabilize the grains through grain growth and then plastic deformation
can build-up in the film, causing extrusions and cracks to form. Combined failure criteria are
introduced using both the extrusion spacing saturation and the relative resistance increase. If
the extrusion spacing reaches saturation before the relative resistance increases above 20%, a
lower bound of the lifetime is determined. If the two criteria (saturation extrusion spacing and
relative resistance increase) converge at the same cycle number, then an accurate determination
of the lifetime can be documented. It has also been shown that it is best to combine electrical
and mechanical observation methods to be better informed about the failure of these complex

material systems.
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