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Metal films on polymer substrates are commonly used in flexible electronic
devices and may be exposed to large deformations during application. For
flexible electronics, the main requirement is to remain conductive while
stretching and compressing. Therefore, the electro-mechanical behaviour of
200-nm-thick Cu films on polyimide with two different microstructures (as-
deposited and annealed) were studied by executing in situ fragmentation
experiments with x-ray diffraction, under an atomic force microscope, and
with 4-point probe resistance measurements in order to correlate the plastic
deformation with the electrical behaviour. The three in situ techniques clearly
demonstrate different behaviours controlled by the microstructure. Interest-
ingly, the as-deposited film with a bi-modal microstructure is more suited for
flexible electronic applications than an annealed film with homogenous 1-lm-
sized grains. The as-deposited film reaches a higher yield stress, with un-
changed electrical conductivity, and does not show extensive surface defor-
mation during straining.

INTRODUCTION

Today, a main field of application for thin films on
polymer substrates is flexible electronics. Flexible
electronics have been developed for various appli-
cations, including paper-like electronic displays,
rollable solar cells and smart electronic textiles,1–3

pursuing the aims of lightweight, low cost, and large
area electronic devices. The systems may be exposed
to repeated large deformations during manufactur-
ing and usage. While the polymer substrates can
easily recover from large deformations, thin metal
or ceramic films often fail at low strains (<2%). For
optimal combined electro-mechanical properties,
good adhesion and high fracture or yield strains
(i.e. strains when the first cracks or localised
deformation appear) are needed.4,5 Thus, under-
standing the deformation behaviour of thin films on
compliant substrates is crucial for improving the
lifetime and future design of such electronic devices.

Ductile films, such as Ag, Au and Cu, deform
plastically before through thickness cracks form,
which is in contrast to brittle films (Cr, Ti, Ta) that

crack at strains below 2%.6–9 What is important for
ductile films is how the microstructure affects the
electro-mechanical behaviour and film deforma-
tion.10–12 For ductile metal films bonded to a
substrate, the geometric constraint caused by the
substrate decelerates strain localisation. Hence, the
metal film deforms uniformly to a large strain and
this uniform deformation behaviour is important in
order to achieve large failure strains. However, the
failure strains of ductile films depend strongly on
the film microstructure. A common methodology to
measure the failure and adhesion of metal or
ceramic films on polymer substrates is the fragmen-
tation test, or a uniaxial tensile straining of a film–
substrate system. The method has its origin in the
determination of interfacial shear forces in fibre
composite materials13 and has been modified to
apply to film–substrate systems.5 Brittle films have
been extensively studied with various in situ frag-
mentation experiments which utilised optical light
microscopy,14,15 scanning electron microscopy
(SEM),12,16 x-ray diffraction (XRD),9,17,18 and 4-
point probe (4PP) resistance measurements.19,20
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Ductile films, on the other hand, deform plastically
via localised film thinning, commonly called neck-
ing, and is the first sign of yield that is best observed
with in situ AFM in order to exploit the quantitative
surface imaging technique that AFM provides.21

With the AFM, first indications of localised plastic
deformation (necks or necking) can be detected as a
change in the surface height. In situ fragmentation
testing with XRD and the sin2w method22 allows for
microstructural influences to be studied. With the
sin2w method, the lattice strains are measured
during straining and the stresses developing in
the films can be calculated.23 The technique has
been utilised by several groups to study film thick-
ness and microstructure effects on the mechanical
behaviour.12,24

Despite the large number of different mechanical
phenomena which may appear in a film during
straining, the electrical resistance of the film is one
of the most important parameters regarding the
functional stability of the metallisations in flexible
circuits and is directly influenced by the mechanical
phenomena. Measuring the change of the resistance
of a metal film can serve as a way to determine the
presence of through-thickness cracks and, thus,
failure properties. Strain-induced microstructural
changes, such as the decrease of defect density or
grain coarsening, might lead to a decrease of the
electrical resistance, as reported in Ref. 25. More-
over, film thickness and grain size also have an
impact on the electrical properties and have been
studied.11,20 However, these studies assumed that
the electrical resistance is only affected by the
formation of through-thickness cracks and do not
consider the initial necking deformation. These
studies also do not evaluate the resistance after
unloading when the film is actually in a recovered
state in which cracks and necks reconnect to allow
current flow. In the study presented here, a com-
prehensive correlation between film microstructure,
mechanical and electrical behaviour will be made by
comparing two 200-nm Cu films. The as-deposited
film has a bi-modal microstructure while the second

film was annealed to achieve a homogenous 1-lm
average grain size. In situ XRD, AFM and 4PP
fragmentation experiments were carried out on both
film systems to illustrate the fundamental and
important role microstructure plays in flexible
electronics, through the examination of mechanical
damage and the resulting electrical behaviour.

EXPERIMENTAL

Two different thin film systems were produced for
testing, an as-deposited 200-nm Cu film on poly-
imide, and an annealed 200-nm film that was heat
treated at 200�C for 1 h after deposition without
breaking vacuum. Both films were deposited using
electron beam evaporation onto cleaned 50-lm
UPILEX brand polyimide (PI) using a deposition
rate of 5 Å/s. Samples sized 6 mm 9 35 mm were
cut out of the different Cu-PI sheets using a scalpel
for fragmentation testing. The grain size of the
films, both as-deposited and annealed, was charac-
terised using SEM (Zeiss LEO 1525) and the TSL
OIM Data Collection v.5.31 with electron backscat-
ter diffraction (EBSD) scans and with ion chan-
nelling contrast images taken with the focused ion
beam. Three EBSD scans were made on each film
and the grain size and texture determined. The as-
deposited films initially had a bi-modal grain size
distribution with large 1-lm-sized grains embedded
within a matrix of average 200-nm grains (Fig. 1a).
A uniform microstructure was observed for the
annealed Cu film with an average grain size of
about 1 lm (Fig. 1b). No preferred orientation of the
grains was found in either film.

In situ XRD fragmentation tests were performed
at the synchrotron source BESSY II [Helmholtz-
Zentrum Berlin für Materialien und Energie (HZB),
Germany] on the beam line KMC-226 in order to
measure the lattice strains and stresses of the Cu
films during tensile straining. The tensile device
was positioned so that the sample surface was in the
reflection geometry to the incoming synchrotron x-
ray beam. The sample was strained continuously

Fig. 1. Ion channelling contrast images of (a) as-deposited and (b) annealed 200-nm Cu film microstructures.
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using a commercial Anton Paar TS 600� straining
device to a maximum engineering strain of 12% and
then unloaded to 0 N. The straining device recorded
the load, displacement, and time of the whole
sample (film and substrate) during the experiment.
In situ measurements with a beam wavelength of
0.177 nm and a beam size of 300 lm in diameter
were continuously performed at four different w
angles with a Bruker VÅNTEC detector and an
exposure time of 5 s. The lattice strains were
calculated using the sin2w method22 and the peak
shift utilising a Hill model with the x-ray elastic
constants (½ S2)23 for untextured (111) Cu reflec-
tions. From these experiments, stress–strain curves
averaged over the beam footprint on the sample
were 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.

For performing the in situ AFM fragmentation
tests, a custom-built, miniaturised straining device
was used and the experiments were performed in a
similar manner as described in Refs. 18 and 21. All
images were made with tapping mode and a scan
size of 25 9 25 lm after increasing the strain in
steps. Images were recorded of the same area for
every straining step until the desired maximum
strain was reached. Height images were analysed
with Gwyddion,27 using three vertical surface pro-
files (cross-sections) with approximately the same
distance to each other across each image (approxi-
mately left, middle and right of the image). These
profiles were positioned at nearly the same area for
each straining step. With the aid of these profiles,
the deformation spacing (distance between necks)
was determined using the D/h approach described
in Refs. 21 and 28.

Fragmentation tests with in situ resistance mea-
surements were performed on an MTS Tyron 250�

Universal testing machine using gauge length of
20 mm and a constant displacement rate of 5 lm/s
for loading and unloading. For each film, four tests
were executed, each to a maximum strain of 20%.
The 4PP in situ resistance measurements were
taken with a Keithley 2000 multimeter with the
probing contacts incorporated into the grips.19,29 A
constant volume approximation was used to theo-
retically describe the electrical resistance change
with increasing strain.10,19 Not only was the resis-
tance measured during the loading but also during
unloading of the film to determine the amount of
resistance recovery.29 Finally, post-straining SEM
of the resulting film surface deformation was
performed.

RESULTS AND DISCUSSION

The in situ measurement of the Cu film stresses
during straining reveal the expected trend. Before
straining, the residual stresses were determined
and the as-deposited film was stress free, while the

annealed was compressive (approximately –
250 MPa). Measuring the film stresses parallel to
the straining direction (Fig. 2) shows the typical
stress–strain curve for a ductile material. The stress
in both films increases until a peak stress is
reached, followed by a gradual decrease as the film
uniformly deforms. The peak stresses could be
considered the yield stresses of the films. As shown
previously,18 the shape of the stress–strain curve
indicates that no through-thickness cracks have
formed in the films. If through-thickness cracks
were present, the stress would drop more dramat-
ically due the fragmentation occurring the film. The
peak stresses are reached at about 1% strain and
they have different values due to the different
microstructures. The as-deposited film with the bi-
modal microstructure has a peak stress at 900 MPa
and the annealed film with a uniform microstruc-
ture reaches a lower peak stress at 750 MPa. Both
film stresses decrease into the compressive regime
during unloading and help with resistance
recovery.29

In situ AFM fragmentation tests of as-deposited
and annealed Cu films were performed to at least a
strain of 15%. Comparing the height images taken
at 15% strain (Fig. 3), it is evident that the annealed
film exhibits more plastic deformation than the as-
deposited film. Neither film showed through-thick-
ness cracking up to this strain in agreement with
the XRD results (Fig. 2). The deformation spacing is
plotted as function of the strain for both films in
Fig. 4. Necking initiates slightly earlier in the
annealed film (1.4% strain) than in the as-deposited
film (2% strain), and is most likely due to the larger
initial grain size allowing for easier dislocation
movement. A saturation regime is reached earlier
for the annealed film (approximately 5% strain)

Fig. 2. Measured film stress–strain curves of the as-deposited and
annealed films using XRD parallel to the straining direction. The
points at zero strain are the measured residual stresses before
straining.
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while the as-deposited film does not achieve a
deformation spacing saturation until about 10%
strain. The average deformation spacing at satura-
tion is approximately the same for both films
(1.1 ± 0.2 lm) and is due to fact that the film
thickness is the same for both films. The microstruc-
ture only effects the initial yielding and not the
deformation spacing which is known to be thick-
ness-dependent.

The in situ 4PP experiments tie together the
mechanical deformation observed with the in situ
XRD and AFM experiments. As illustrated in Fig. 5,
with increasing strain the relative resistance of both
films rises constantly following the theoretical trend
line (dashed line). The slope of the annealed curve is
just slightly higher than the as-deposited curve.
Due to the fact that neither curve deviates from the
constant volume assumption, through-thickness
cracking of the films was not expected nor observed

with the AFM experiments. At the maximum strain,
the average electrical resistance, Rmax, is 44%
higher for the as-deposited samples and 51% higher
for the annealed specimens than the average initial
resistance.

During unloading, a decrease of resistance is
observed. It is evident from Fig. 5 that at the
beginning of unloading the relative resistance fol-
lows exactly its loading line for both samples. The
annealed film does not show a full recovery of the
resistance as compared to the as-deposited films
which has improved resistance after straining. For
the as-deposited film, the average final resistance of
the samples, Rf, is about 10% higher than the initial
resistance, R0, and, for the annealed film, it is even
15% higher. The unloading can be correlated to the
XRD experiments where the films go into compres-
sion causing any deformation, necks in the case
here, to compress together and return the resistance

Fig. 3. AFM height images with surface profiles of the (a) as-deposited and (b) annealed 200-nm-thick Cu films at 15% strain. Note the different
height scales used in the AFM images. The straining direction is in the vertical direction.

Fig. 4. Deformation spacing as a function of strain for the as-de-
posited and an annealed Cu films. The trend lines are only used to
guide the eye and have no mathematical relationship.

Fig. 5. Change of the relative resistance, R/R0, with increasing rel-
ative length, L/L0, of as-deposited and annealed Cu films. Error bars
are the standard deviation of four experiments. The dotted line de-
scribes the constant volume assumption.
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close to its original state. Necking deformation
produced during straining affects the uniform
microstructure of the annealed film more than the
as-deposited bi-modal structure. As shown previ-
ously,25 the resistance recovery of the as-deposited
film could be due to possible grain growth or the
removal of vacancies within the film; however, these
could not be confirmed with the experiments pre-
sented here and are only possible theories. The
annealed film has a uniform microstructure but is
always slightly above theory. This could be due to
the large surface roughening that formed during
straining (Fig. 2b). Both films would be considered
acceptable under the electrical failure criterion
(25% increase of R/R0,30) and could be strained
above 10% before electrical failure occurs similar to
what was found in Ref. 11. However, as shown here,
the as-deposited film reaches a slightly higher
strain than the annealed. These electrical results
are good for stretch-to-connect applications where
straining is necessary for connecting parts.

Post-straining SEM imaging of the films strained
to 20% (Fig. 6) with 4PP illustrate similar surface
features as the AFM results. Both films have areas
of necking with more surface roughening found for
the annealed film (Fig. 6b). In the as-deposited film
the necking is most likely located in the larger
grains, as previously found.18 Of note is the appear-
ance of through-thickness cracks (arrows) in the
annealed film with the additional 5% strain these
samples endured compared to the in situ AFM
experiments that were only strained to 15%.

It has been demonstrated that the 200-nm films
behave in a completely ductile manner. Combining
the results from the three in situ experiments
(Fig. 7), several correlations can be drawn. First,
comparing the film stress and deformation spacing
data (Fig. 7a), the peak stresses were reached just
prior to the strain at which deformation was observed
with AFM (1% strain). If the peak stresses were to be
considered the yield stresses of the films, then the
Hall–Petch theory can be applied. Recall that the

Fig. 6. Post-straining SEM images of the films strained to 20% with the 4PP. (a) As-deposited film and (b) annealed film with arrows indicating
possible through thickness cracks. The straining direction is in the vertical direction.

Fig. 7. Comparison of the electrical and mechanical deformation behaviour as a function of strain for 200-nm-thick Cu films on PI with different
microstructures. (a) The stresses and deformation spacing results correleate at yielding and that no through-thickness cracks formed. (b)
Comparison of the deformation spacing and resistance ratio also indicate that film deformation and cracking are connected.
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annealed film with the uniform 1-lm average grain
size had a lower peak stress (750 MPa) and deforma-
tion was observed at a lower strain (1.4% strain)
compared to the as-deposited film (900 MPa and 2%
strain) with the large grains embedded in the 200 nm
grain matrix. With continued straining, the stresses
do not dramatically decrease, indicating that
through-thickness cracks have not formed, as illus-
trated by the observation of only necks with the
in situ AFM experiment. The comparision of the
electrical data and mechanical data (Fig. 7b) also
provide the same conclusion that through-thickness
cracks have not formed, since the R/R0 values follow
the theoretical line well up to 20% strain. At low
strains, necking occurs as known by the in situ AFM
experiments and does not greatly influence the
electrical resistance. Even when the deformation
spacing reaches the saturation regime between 5%
and 10% strain, the electrical resistance is not greatly
affected. After 20% strain, through-thickness cracks
might be present in the annealed film (Fig. 6b) and
the increased deviation from theory may be an
indication. Evidence of through-thickness cracks
were not confirmed with the in situ AFM experiment
because the whole sample broke after 15% strain. It
should be noted that when only in situ electrical
measurements are utilised, information can be lost
on how the film deforms and how that deformation
directly relates to electrical behavior. Fragmentation
tests of ductile films would be best performed utilis-
ing two in situ methods (i.e. 4PP and AFM, or 4PP and
XRD) in order to determine exactly how the defor-
mation is influencing the electrical behaviour.31 This
was shown to be a good method for 200-nm sputter-
deposited Cu films on polyethylene terephthalate,
which determined that through-thickness cracks did
not form until the saturation deformation spacing
was achieved, and only then did the electrical resis-
tance deviate from theory.

CONCLUSION

A smaller grain size has been shown to better
withstand electro-mechanical failure than a coar-
ser-grained microstructure for conductive metalli-
sations in flexible electronics. Coarse-grained
(annealed) films promote earlier deformation during
mechanical straining and have a lower yield stress,
more surface roughening and less resistance recov-
ery compared to the as-deposited microstructure.
The as-deposited microstructure increases the yield
stress described by the Hall–Petch theory and
reduces the amount of deformation with fewer
micron-sized grains with easy dislocation glide. In
terms of the electrical behaviour, the as-deposited
structure can recover more resistance due to possi-
ble strain-induced grain growth. The combination of
higher yield stress, more electrical recovery and less
deformation illustrate that microstructure is very
important and smaller grain sizes are ideal for
improved reliability of flexible electronics.
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