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Abstract. Enhancing the mechanical reliability of metal interconnects is important for
achieving highly reliable flexible/wearable electronic devices. In this study, Ag nanowire
and Cu thin-film hybrid interconnects were explored as a novel concept to enhance
mechanical reliability under bending fatigue. Bending fatigue tests were conducted on
the Cu thin films and Cu/Ag nanowire/polyimide (CAP) interconnects. The increase in
resistance was larger for the Cu thin films than for the CAP. The single-component Cu
electrodes showed multiple crack initiation and propagation due to bending strain, which
degraded the electrical conductivity. In CAP, however, no long-range cracks were
observed, even after 300,000 cycles of bending, although a wavy structure was observed,
probably due to the delamination of the Ag nanowires under repeated bending. Our study
confirms that flexible Ag nanowire and metal thin-film hybrids can enhance the
mechanical reliability of metal thin-film interconnects under bending fatigue.
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1. INTRODUCTION

With the progress in the field of flexible/wearable electronics, there are increasing
demands for flexible interconnects that are reliable under repeated bending deformation [1-
7]. Metal thin films are the most commonly used materials for flexible interconnects due
to their high electrical conductivity and compliant nature [8, 9]. Metal electrodes can work
as flexible electrodes for devices that undergo strain under the elastic limit. However,
actual electronic devices can undergo more than 300,000 cycles of bending deformation in
their lifetime of operation [10]. This causes fatigue damage on the metal thin film even
though the strain is under the elastic limit. Schwaiger et al. reported that the dislocation
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accumulation at the interface between a metal thin film and polymer substrate occurs under
many cycles of bending, which leads to the formation of voids at the interfaces [11, 12].
With repeated bending, such accumulated voids create protrusions at the surface of the
metal thin film, where the imposed stress is localized, resulting in the failure of the
electrodes. The cracks block the electrical current flow, which can cause malfunctioning
of the devices using the metal thin-film electrodes.

To enhance mechanical reliability, several alternatives have been studied, including
graphene, carbon nanotube, metal nanowire, metal/graphene hybrid system, or holey metal
thin-film electrodes [9, 13, 14]. Graphene, carbon nanotube, and metal nanowire are highly
flexible and transparent in the visible range, but their conductivity is insufficient for
interconnects. Metal-graphene hybrid systems have shown better reliability under repeated
bending deformation, but the scale-up of the electrode is limited due to the size of graphene
[15]. In addition, the fabrication process using multiple transfers is complex, which
significantly increases the processing cost. The mechanical reliability of metal interconnects is
enhanced by forming holes on the metal thin films [16]. Crack propagation is blocked by
the holes, which reduces long-range crack densities on metal thin films during repeated
deformations. However, a complex patterning process is required to form the holes, which
increases the fabrication costs.

To overcome the limitations of the previously reported technologies, hybrid systems of
flexible materials and metal thin films are a promising option. By integrating a flexible
material (which can be simply formed on the polymer substrates) with a metal thin film,
both high conductivity and flexibility can be achieved. Considering this, in this study, Ag
nanowire and Cu thin-film hybrid interconnects were investigated. Ag nanowires are
highly flexible because of their nanoscale dimensions and network structure; in addition,
their mass production is possible via the polyol reduction process [17-23]. The coating
process is a very simple solution-based process using a spray or doctor blade system. In
this study, Ag nanowires were coated on polyimide (PI) substrates using a doctor blade.
Cu thin films were deposited on the Ag nanowire/Pl samples via a magnetron sputtering
system. The reliability of the Cu/Ag nanowire/Pl (CAP) interconnects was examined using
a bending fatigue tester. Our study showed that the CAP had better reliability than Cu thin-
film interconnects.

2. MATERIALS AND METHODS
2.1. Sample preparation and characterization

For this study, 0.1 wt% Ag nanowire suspension in ethanol was purchased from SG
Flexio (South Korea) and used as received. Fig. 1 shows the schematic illustration of
fabrication process of CAP interconnects. First, A 125-um-thick Pl substrate (Dupont,
Kepton E) was sequentially cleaned with IPA, ethanol, and DI water in an ultrasonic bath.
Each cleaning step was carried out for 5 min. Next, Ag nanowires were coated on the PI
substrate using a Mayer bar (#RD 6). Third, the Ag nanowire networks were air-dried at
80 °C for 10 min using a hot plate to evaporate a remaining solvent. Lastly, a Cu thin film
was deposited on the Pl substrate using DC magnetron sputtering at 100 W at room
temperature for 15 min. Thickness of Cu thin film was ~400 nm. The microstructures of
CAP and Cu thin film were analyzed using field-emission scanning electron microscopy
(FE-SEM, SIGMA, Carl Zeiss). X-ray diffraction (New D8-Advance, Bruker-AXS, USA)
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was used to analyze the crystallographic orientation. Cu Ka (A = 0.154 nm) radiation was
used for XRD analysis in the 26 range between 30° and 100°.
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Fig. 1 Schematic illustration of a fabrication process of CAP film

2.2. Cyclic bending fatigue test

Bending fatigue tests were conducted using a cyclic bending fatigue tester (South
Korea, CK Trading Co. Ltd.), which can measure electrical resistance in situ with a
resolution of ~0.003 Q. Fig. 2 presents the mechanism of a bending fatigue tester. The
samples were mounted between the two horizontal plates, and both ends of the samples
were fixed to the plates with screw bolts. The resistance was measured in situ across the
two ends of the samples that were in contact with the metal pads. The value of the imposed
strain was calculated using & = y/2r, where ¢, y, and r are the imposed strain value, the
distance from the neutral axis, and the radius, respectively. By adjusting the distance
between the two plates, the value of r varies, which results in the change of bending strain
imposed on the samples. During bending tests, the lower plates move forward and
backward repeatedly in the horizontal direction, thereby imposing many cycles of bending.
By measuring the resistance change in situ during the bending tests, the crack evolution in
the samples can be evaluated.
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Fig. 2 Schematic of a bending fatigue testing system

3. RESULTS
3.1. Crystallographic analysis using XRD

Fig. 3 shows XRD patterns of single Cu and CAP films. Similar XRD patterns were
observed for both Cu and CAP films, where typical (111) peaks at 43.71° and 43.69° were
strongly indicated with weak (200) texture at 50.44° and 50.28°, respectively as shown in
Fig. 3a,b. The observed peaks at diffraction angle below 40° was noise as can be seen in
XRD pattern of Pl in Fig. 3c. There were no peak shifts at each peak, which confirmed Cu
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and CAP films had the same texture. In addition, the grain size is calculated according to
the Scherrer equation:
K-1

- p-cosé @

where D, K, 4, f and @ are the grain size, the shape factor, the wavelength, the full width at
half maximum (FWHM), and the diffraction angle, respectively. Here, K is 0.9 for typical
Cuand 4 is 0.154 nm. The FWHM was evaluated for the (111) peak of Cu and CAP films,
which were 0.56 and 0.55, respectively. With those parameters, the grain sizes are
calculated as 15.3 nm and 15.5 nm for Cu and CAP films, respectively. Therefore, the
crystallinity of Cu and CAP films was confirmed to be similar; artifacts that can be resulted
from the different crystallinity is minuscule, especially for understanding of deformation
behavior under bending fatigue.
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Fig. 3 XRD analysis results of (a) Cu thin film, (b) CAP film, and (c) polyimide substrate

3.2. Cyclic bending fatigue test results

Fig. 4a shows the resistance change of CAP and Cu thin film as a function of bending
cycles under bending radius of 3 mm. The y-axis represents the normalized resistance
change calculated by dividing the resistance gap between the measured resistance and the
initial resistance value with the initial resistance value, and the x-axis represents the number
of bending cycles. To confirm the reliability under severe conditions, up to 300,000 cycles
bending cycles were imposed on the samples. For the Cu thin film, the resistance increased
rapidly up to 40,000 cycles of bending and then showed a transient point, where a slower
increase in resistance was observed until the end of the bending cycles. At the end of the
bending tests, the resistance increased by 300% compared to the initial resistance.
Meanwhile, the resistance of CAP increased faster than that of the Cu thin films in the
initial period of the bending cycles. The transient point, where the trend of resistance
increase changed from rapid increase to gradual increase, was observed at 20,000 cycles
of bending, which is smaller than that observed for Cu thin films (Fig. 2b). However, the
amount of resistance increase at the transient point was smaller for the CAP than for the
Cu thin films. A ~113% increase in resistance was observed for the CAP film at the
transient point, whereas a ~151% increase in resistance was observed for the Cu thin films.
In addition, the increase in resistance at the end of the bending cycles was smaller for the
CAP than for the Cu thin films. These results confirm that CAP is more reliable under large
numbers of bending cycles compared to single Cu thin films.
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Fig. 4 (a) Normalized resistance changes in CAP and Cu thin films as a function of the
number of bending cycles, and (b) replotted results in the early stage of bending
cycles, 30,000 cycles

To investigate the mechanism of enhanced reliability of CAP under bending fatigue, SEM
images were taken for the CAP and Cu thin films after imposing 300,000 cycles of bending,
as shown in Fig. 3. The Cu thin films showed multiple cracks on the entire film area. The
enlarged image of the cracks shows extrusion formation (Fig. 3a). On the contrary, there was
no clear crack formation in the CAP, as seen in Fig. 3b. Wavy traces were observed in the
CAP after imposing 300,000 cycles of bending (the lower inset of Fig. 3b).

Fig. 5 SEM images of (a) Cu thin films and (b) CAP after 300,000 bending cycles

4, DISCUSSION

The enhanced mechanical reliability for CAP film can be attributed to two factors: (1)
stress relaxation by forming wavy structure and (2) reduced strain by the relocation of
neutral plain due to the addition of Ag nanowires. As shown in the upper inset of Fig. 3a,
Cu thin films showed no cracks before bending. Under repeated bending, dislocation
accumulation occurred at the interface between the thin film and substrate (Fig. 6a), which
resulted in extrusion formation (the lower inset of Fig. 3a). With the progression of bending
fatigue, the stress localized on the extrusion, which led to the generation of cracks (Fig.
6a). The crack formation degraded the electrical conductivity of the metal thin films. As
shown in the upper inset of Fig. 3b, the CAP showed no wavy structure before bending.
The wavy structure could be attributed to the delamination of the thin film from the
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substrate owing to the weak adhesion of Ag nanowires with the PI substrate (Fig. 6b). In
the CAP, Cu was attached to the substrate with relatively high bonding forces, whereas the
Ag nanowires were weakly attached by physical bonding forces, such as van der Waals or
electrostatic forces. Under the cyclic bending, the weak interface resulted from Ag
nanowires can cause delamination or interfacial sliding of thin films, forming the wavy
structure. Such wavy structure might have induced micro-cracks, which were not observed
in the SEM images because the cracks were closed in the no-strain state (Fig. 6b). Because
of the micro-cracks, an increase in resistance was observed in the CAP. However, there
were no long-range cracks in the CAP, unlike in the Cu thin films; thus, the increase in
resistance was smaller for the CAP than for the Cu thin films. In the initial stage of bending,
however, the CAP underwent the deformation by forming wavy structure, which was
earlier than the point where the crack formation and propagation of single Cu thin films
occurred. During which, short range of micro cracks can be formed at the wavy structure
of CAP; thus, the resistance can be slightly increased. The micro cracks are difficult to
observe in SEM or TEM because the cracks are closed. Thus, the resistance increase of
CAP in the initial stage was higher than those of single Cu thin films.
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Fig. 6 Hlustration of failure mechanism of (a) Cu and (b) CAP films under cyclic bending

Second, the relocation of neutral plane position by the addition of Ag nanowires can
vary the strain imposed on the metal thin film as shown in Fig. 7. The imposed bending
strain is calculated by the equation:

Z Bi (yi2+1 - yiz)
S — i=0
22 Bi (Yi+1 —Yi )
i=0
where S, B and y(i+1) —Y1 (4y) are the neutral plane position, the biaxial modulus and the thickness
of each layer, respectively [14, 24]. The biaxial modulus, B, is calculated by the equation:

O]
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where E is the elastic modulus and v is Poisson’s ratio. Table 1 shows parameters used for
the calculation of neutral plane position. With those parameters, the calculated neutral
positions were 69.3 and 71.2 um for the Cu and CAP films, respectively. Therefore, the
imposed strains on the Cu and CAP films are calculated as 2.8% and 2.7%, respectively.
The difference between the calculated imposed strain values was ~0.1%. Although the
strain value itself is not significant; this small value can make a reasonable change in the
results of cyclic bending tests where more than 300,000 cycles of bending is imposed.
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Fig. 7 lllustration of change in imposed strain on metal thin film by the relocation of neutral
plane position

5. CONCLUSION

In this study, Cu/Ag nanowire/Pl (CAP) interconnects were explored as a novel concept
to improve the mechanical reliability of single-component Cu electrodes. Bending fatigue
tests were conducted for the CAP and Cu thin films while monitoring the resistance in situ.
The resistance change reflected the crack or failure evolution in the thin films during the
bending tests. The results of the bending fatigue test showed that the CAP exhibited better
mechanical reliability compared to the Cu thin films, with a lower increase in resistance
after 300,000 cycles of bending. Microstructural analysis through SEM showed a high
density of long-range cracks in Cu thin films after imposing 300,000 cycles of bending;
CAP showed no such long-range cracks but exhibited a wavy structure, probably due to
the delamination of Ag nanowires by the bending strain. Our study confirms that flexible
Ag nanowires and metal thin-films hybrids can enhance the mechanical reliability of metal
thin-film interconnects under bending fatigue.
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