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Abstract Reducing the strain in brittle device layers is crit-
ical in the fabrication of robust flexible electronic devices.
In this study, the cracking behavior of micro-patterned 500-
nm-thick Ti films was investigated via uniaxial tensile test-
ing by in situ SEM and 4-point probe measurements. Both
visual observations by SEM and 4-pt resistance measure-
ments showed that strategically patterned oval holes, off-set
and rotated by 45°, had a significant effect on limiting the
extent of cracking, specifically, in preventing cracks from
converging. Failure with regard to electrical conduction was
delayed from less than 2% to more than 10% strain.

1 Introduction

Flexible electronics represent the next evolutionary devel-
opment within the field of microelectronics and enable a
wide range of novel applications including paper-like dis-
plays [1], smart textiles [2] and large-area sensor arrays [3].
In comparison to devices fabricated on rigid silicon or glass
substrates, devices on flexible substrates may experience
high mechanical strain, resulting in circuit failure due to de-
vice layer cracking.

Finite element studies have shown that ductile metal films
which are well bonded to Kapton polyimide substrates can
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be stretched well beyond their bulk rupture strain due to
strain delocalization of the substrate [4] and researchers
have measured tensile rupture strains for thin-film cop-
per metal on Kapton substrates up to 50% and higher [5].
However, brittle device layers typically fail at around 2%
strain [6] and have a probably unattainable theoretical strain
limit (all bonds breaking at the same time) of roughly 10%.
Therefore it is critical that the strain in brittle device lay-
ers is reduced below the value at which cracking is initiated.
Methods of reducing the strain experienced by device lay-
ers include preventing the propagation of cracks through the
device layers through nano-patterning [7, 8], reducing the
strain in layers below the fracture limit of the material by
patterning islands [9, 10] or shifting the critical device lay-
ers closer to the neutral bending plane [11, 12].

At high strains, crack nucleation saturates when the spac-
ing between adjacent cracks (crack spacing) reaches equi-
librium; multiple cracks interact over a critical length, the
stress transfer length (STL), which is given by half the min-
imum crack spacing [13—17]. The STL is unique for a given
material combination and thickness. The aim of this inves-
tigation is to find out whether patterning films with holes
spaced at distances equal to or less than the STL is suc-
cessful in stopping cracks from interacting and propagat-
ing through a brittle thin-film layer (or even prohibits new
cracks from nucleating). We believe that certain geometri-
cal patterns could also act to localize cracks at hole-edges
and would therefore reduce or constrain layer cracking by
geometrical means.

In this work, we investigate the fracture behavior of
500-nm-thick micro-patterned titanium (Ti) layers deposited
on polyimide (Kapton® E) substrates. Although commonly
used brittle device layers—such as SiN, or Al,O3 dielec-
tric layers in thin-film transistors—are more interesting from
an application perspective, we decided to use a brittle metal
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for this proof-of-concept research. The advantage to inves-
tigating cracking in a brittle metal is that changes in sample
resistance versus applied strain can provide valuable infor-
mation to interpret physical changes in the material caused
by cracking. Therefore, Ti films were patterned with oval
holes that were rotated by 45° and off-set along adjacent
lines to make the cracking behavior insensitive to the chosen
tensile direction. Patterning of metal layers significantly re-
duces the cracking behavior of the thin-film brittle layer and
shows that this method can be used as a tool for fabricating
strain-tolerant thin-film devices on flexible substrates.

2 Experimental procedure

The substrates used in our work were 50 um-thick Kapton®
E substrates from DuPont with a surface area of 7.6 cm x
7.6 cm. Brittle Ti films with a thickness of 500 nm were de-
posited onto the substrates using thermal evaporation. Pre-
liminary measurements of these films gave a STL of ~15 um
(half the minimum crack spacing), which was measured us-
ing the method described in [13—17]. The mask designed to
pattern the Ti layers consists of oval-shaped holes that have a
length of 18 um and a width of 8 um. Ovals are spaced apart
by 40 pm in both the horizontal and vertical direction and
ovals in alternate lines are flipped along the vertical axis by
45° and off-set by 20 um. Therefore adjacent ovals (center
to center) are separated by 28.3 pm at a 45°. The SEM im-
ages on the right-hand side in Fig. 2 show images taken of a
patterned film at various stages of applied tensile strain. All
substrates were cleaned by sonicating them in acetone and
isopropanol for 10 minutes respectively, and were then pre-
shrunk in a vacuum oven at 200°C for 24 hours to remove
trapped residual solvents [18]. Two substrates were metal-
ized with 500 nm of Ti (samples 1 and 2). The film thick-
nesses were confirmed using a Tencor Alpha-Step 500 pro-
filometer. The metal layer on sample 1 was patterned with
the oval-hole pattern and the metal layer on sample 2 was
left unpatterned. Sample 1 was prepared for lift-off using
standard photolithography as follows: first substrates were
mounted temporarily on glass slides using a drop of water
for adhesion, and were coated with hexamethyldidisiloxane
(HMDS) as an adhesion promoter and MA-N1420 negative
photoresist from Microresist Technology at a spin speed of
3000 rpm for 30 seconds. Afterwards, the substrates were
baked at 160°C for 120 seconds and exposed the photore-
sist at an energy density of 550 mJ/cm? at 365 nm using a
mask loaded into a Karl Siiss MA6 mask aligner. Exposed
substrates were developed in MA-D533 developer for 150
seconds. Then we deposited 500 nm of Ti (sample 1) us-
ing a Univex 500 thermal evaporator. The metal pattern was
then developed by sonicating the substrates in a bath of ace-
tone for 5 min after which the surface was rinsed with iso-
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Fig. 1 The schematics of the tensile experiments: (a) the resistance
measurement and (b) the tensile tester loaded inside the SEM including
a mounted sample

propanol. Finally, we cut 4-mm wide samples from samples
1 and 2 for mechanical testing.

The local evolution of cracks as a function of applied
strain can be observed using image analysis and the quan-
titative cracking behavior can be corroborated [15, 16]. Uni-
axial mechanical tensile testing was carried out using a ten-
sile tester (Kammrath and Weiss, Germany) on the patterned
brittle Ti film and the unpatterned control film. Samples
were loaded into the tensile tester so that the inner distance
between the clamps, also referred to as the gauge length,
was 20 mm (see Fig. 1(a)). To observe cracking behavior,
tensile tests were carried out in situ using SEM (FEI Quanta
200 FEG, USA) and SEM images were acquired at a chosen
location using the secondary electron detector. SEM images
were obtained at successive strains and were used in image
analysis to investigate local film fracture behavior, and to
determine the onset of plasticity. Applied strains were deter-
mined from both the tensile tester displacements and from
the SEM images. Figure 1(b) shows a sample loaded into
the tensile tester, inside the SEM chamber.

Complementary to mechanical evaluation, electrical char-
acterization was carried out to monitor cracking behavior
qualitatively. Since this resistance is measured across the
entire sample, the method allows real-time monitoring of
electrical conduction throughout the sample, in contrast to
the localized SEM method. In our work, we monitored elec-
trical resistance as a function of continuous applied strain
using a Kelvin (4-point probe) technique to carry out in situ
resistance measurements during mechanical tensile strain-
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Fig. 2 SEM images showing
unpatterned and patterned
500-nm-thick Ti film surfaces
for applied tensile strains at 0%,
2%, 4% and 10%. Images on the
left column are from
unpatterned Ti film. Images on
the right side are from the
patterned Ti film with oval holes
rotated and off-set as shown. For
the images shown, the tensile
strain direction is horizontal

Tensile Direction |

ing. Figure 2(a) shows a schematic of the in situ resis-
tance measurement setup. Both data acquisition and strain-
ing were automated to reduce external interference from
the experimenter. A LabView-based data acquisition sys-
tem was automated to continuously measure resistance at
100-millisecond intervals at a pre-set tensile straining speed
of 2 micrometers/second. This resulted in a strain-rate of
10~* s~! for a 20-mm gauge length. Of the four probes,
the outer two supplied current using an independent current
supply, while the inner two measured the voltage dropped
across the sample. The gauge length was measured precisely
to ensure accurate measurement of initial resistance.

3 Results and discussion

Figure 2 shows SEM images taken of unpatterned and pat-
terned Ti samples at various applied tensile strains. The im-
ages in the left column are from the unpatterned Ti and those
in the right column are from the patterned Ti. In these im-
ages, the tensile straining was in the horizontal direction,
and therefore we see the formation of vertical cracks. For
the unpatterned sample, cracks nucleate at defects and in-

stantaneously span the entire width of the sample. This oc-
curs at strains less than 2%. Therefore, there should be no
electrical conduction across the horizontal direction and in a
device such long cracks would result in total device failure.
In comparison, for patterned samples a percolation path was
still found at strains of 10%.

From the 4-point probe measurements, we obtained the
normalized change of resistance versus applied tensile strain
for unpatterned and patterned samples, which is plotted in
Fig. 3. The resistance of the metal line in our experiment,
R, can be defined by R = pL/A where p is the resistiv-
ity of the material, L is the length of current conduction
path and A is the cross-sectional area perpendicular to the
current flow. In the first approximation, the change in resis-
tance is due to a change in the length L (typically equivalent
to the sample length) and sample cross section A. The effect
of elastic strain on resistivity (piezoresistivity) is neglected
for metallic materials. In the first phase of a uniaxial test
(region I in Fig. 3) the conducting material deforms elas-
tically and a change in cross section A is due to Poisson’s
effect with a Poisson ratio of roughly one third for metal-
lic materials. Upon further straining the conducting material
reacts in one of the three ways, which are illustrated in the
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Fig. 3 Normalized resistance as a function of applied tensile strain of
the unpatterned Ti film, the patterned Ti film, unpatterned Au film and
the ideal change in resistance (dashed line) are plotted. For all films,
region [—the elastic regime up to 0.7% strains—follows ideal change.
Region II's represent different deformation behaviors; Au film shows
ideal plastic deformation (IIp) according to volume conservation with-
out cracking; Unpatterned Ti failed with brittle fracture (IIb) controlled
by crack nucleation (cracks span the entire width once nucleated); and
lastly, 2 regions for patterned Ti film—IIi represents crack propagation
which leads to reduction in effective cross-sectional area for electrical
conduction and IIii represents crack opening/widening in addition to
crack propagation observed in Ili. Indeed, region Ilii has an additional
factor in increasing effective conduction path with percolation path cir-
cumventing the cracks

following: plastic deformation (region Ilp), brittle cracking
(region IIb), and crack-pattern interaction (regions Ili and
Ilii in Fig. 3).

The ideal resistance change for a plastically deforming
crack-free sample assumes volume conservation which is
equivalent to a Poisson’s ratio of one half. It is modeled as
R/Ry=(L/ Lo)2 where R/Ry is the normalized resistance
and L/Lg is the relative length change [5]. This function
was overlapped to the resistance change of a 500-nm-thick
Au film, which stayed crack-free over the strain range of in-
terest. The resistance change of the Au sample followed the
theoretical curve exactly. Any deviation of plotted resistance
change from the ideal line in Fig. 3 is therefore indicative of
cracking.

In region I (up to 0.7% strain), all films exhibit elastic be-
havior. In region II, however, different deformation behavior
can be found. The unpatterned Ti failed by brittle fracture
(IIb) dominated by crack nucleation as each crack instan-
taneously spanned the entire width of the film resulting in
strong resistance increases (note that the resistance scale is
logarithmic). For example, at 2% strain, the normalized re-
sistance of unpatterned Ti is 400 times that of Au. Patterned
Ti films, however, only showed a 3 fold increase and demon-
strated a totally different cracking behavior. In fact, Fig. 3
shows that patterned Ti film has 2 types of fracture behav-
iors: region Ili results from crack nucleation and propagation
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that leads to a decrease in the effective cross-sectional area
A (relative to the line-of-sight conduction path) for electrical
conduction. In region IIii, the line-of-sight path is closed and
further crack growth results in an increase of the length of
the conduction path L. In addition part of the sample strain
is accommodated by significant crack opening (compare the
widening of cracks in the insets in Fig. 3). The latter two
mechanisms jointly lead to a reduction in the strain sensitiv-
ity of the resistance between region Ili and region Ilii.

The sensitivity can be quantified by setting it into re-
lation with the plastically deforming (ideal) gold curve. It
amounts to Ajgeal/ ApattemedTi = RpatternedTi / Rideal =~ 145 per
unit strain for region Ili and 95 per unit strain for region Ilii.
In the latter, the overlapping arrangement of cracks prevents
them from joining and results in a percolation path at strains
of greater than 10%. The sensitivity of the unpatterned Ti
film (region IIb) is close to infinity.

In general, the strong improvement in strain resistance
for the patterned Ti is due to the placement and orientation
of the oval-shaped holes in the film which effectively lim-
ited crack propagation and converging. In particular, by off-
setting oval holes in adjacent lines and rotating by 45°, we
prevented multiple cracks from converging, regardless of the
tensile direction, and allowed percolation path to exist.

4 Conclusion

The cracking behavior of micro-patterned brittle Ti films
was investigated via uniaxial tensile straining by in situ vi-
sual inspection of SEM images taken during strain applica-
tion and by 4-point probe measurements to extract the nor-
malized change in sample resistance versus applied strain.
Visual observation of SEM images allowed quantitative de-
termination of cracking as a function of applied strain. The
sequence of images clearly shows that strategically pat-
terned oval-shaped holes have a significant effect in reduc-
ing cracking behavior. The patterned oval holes prevented
cracks from continuing across the width of the sample, and
therefore are able to prevent total loss of conduction. In ad-
dition, oval holes that were rotated by 45° and off-set in
adjacent lines prevented multiple cracks from converging.
The normalized resistance curves as a function of strain also
shows the same positive effect of having patterned holes on
crack propagation. The slower rise in resistance of the pat-
terned film compared to the unpatterned one indicated the
existence of percolation path within the film, allowing con-
duction to take place. This allows delaying failure of elec-
trical conduction in brittle thin films from less than 2% to
more than 10% strain. This is an improvement of a factor
of 5 and may provide the necessary improvements in de-
vice robustness to fabricate truly robust flexible thin-film
devices. Future experiments will involve application of this
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method to more common brittle device layers such as SiN
and ultimately achieve more strain-resistant thin-film de-
vices through micro-patterning of brittle device layers.
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