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ABSTRACT: In this work, copper nanowires (NWs) and Cu
nanoparticles (NPs) were employed to increase the reliability
of a printed electrode pattern under mechanical bending
fatigue. The fabricated Cu NW/NP inks with different weight
fractions of Cu NWs were printed on a polyimide substrate
and flash light-sintered within a few milliseconds at room
temperature under ambient conditions. Then, 1000 cycles of
outer and inner bending fatigue tests were performed using a
lab-made fatigue tester. The flash light-sintered Cu NW/NP
ink film with 5 wt % Cu NWs prepared under the flash
light-sintering conditions (12.5 J·cm−2 irradiation energy,
10 ms pulse duration, and one pulse) showed a lower
resistivity (22.77 μΩ·cm) than those of the only Cu NPs and
Cu NWs ink (94.01 μΩ·cm and 104.15 μΩ·cm, respectively).
In addition, the resistance change (ΔR·R0

−1) of the 5 wt % Cu
NWs Cu NW/NP film was greatly enhanced to 4.19 compared
to the 92.75 of the Cu NPs film obtained under mechanical
fatigue conditions over 1000 cycles and an outer bending
radius of 7 mm. These results were obtained by the densifi-
cation and enhanced mechanical flexibility of flash light-
sintered Cu NW/NP network, which resulted in prevention
of crack initiation and propagation. To characterize the Cu
NW/NP ink film, X-ray diffraction and scanning electron microscopy were used.
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■ INTRODUCTION

The direct printing of conductive materials has received
much attention over the past few decades due to its simplicity,
efficiency of material usage, scalability, and flexibility.1−3

Owing to these benefits, this process has been utilized in
various applications such as flexible displays, organic solar cells,
wearable displays, and flexible batteries.4−6 Additionally, direct
printing technology can be combined with roll-to-roll (R2R)
and inkjet printing for mass production and precise patterning
as promising candidates to replace conventional lithography
processes.
For the printing materials, solution-based noble metallic

nanoparticle (NP) inks (Au, Ag, etc.) with an organic binder are
widely employed in the sintering process on flexible polymer
substrates.7,8 However, the commercialization of these noble
metallic NPs is limited by its great expense. For this reason,
copper (Cu) NPs have been recently proposed as an alternative
due to their high electrical conductivity and low cost.9−11

However, it is difficult to sinter Cu NPs because they are
easily oxidized.12 Also, the oxide shells of Cu NPs are difficult
to be eliminated under ambient conditions using conven-
tional sintering methods including conventional thermal
sintering, plasma sintering, microwave sintering, and laser
sintering.13−15

Therefore, the flash light-sintering method with poly(N-
vinylpyrrolidone) (PVP)-coated Cu NPs has been developed
because the oxide shells of the Cu NPs can be eliminated in
a few milliseconds by the combined functions of flash light
and PVP evaporation at room temperature under ambient
conditions.16−19

Moreover, flexible electrical devices should maintain their
electrical performances under severe conditions such as
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mechanical bending, twisting, and stretching.20,21 However, the
sintered metallic NPs film showed the strain of fracture (εf) even
in small elongation, resulting in brittle failure induced by highly
concentrated stress at the necklike junction as reported by
Siow et al.22 Also, there are several works reported about
nanocrystalline Cu: for the grain size <25 nm and the ductility
<2% elongation, whereas the bulk Cu has large ductility, up
to 40−70% elongation.23,24 Therefore, it is difficult to utilize
the sintered metallic NP (Ag, Au, Cu, etc.) films in flexible
electronics applications subjected to repeated bending con-
ditions. To overcome this limitation, several investigations have
been conducted to increase the reliability of sintered metallic
NPs thin films by mixing various materials such as carbon
nanotubes, graphene, and nanowires (NWs).25−27 In general,

behaviors of metallic nanostructures such as electrodes fabricated
by printed electronics under tensile and compressive load-
ing conditions are not exactly same.28 Therefore, mechanical
characteristics of Cu film under tensile and compressive loading
conditions must be investigated.
In this study, Cu NWs were added to a Cu NP ink to improve

the electrical conductivity and reliability under repeatable
mechanical fatigue in tension and compression conditions. Cu
NW/NP inks with different weight fractions (wt %) of Cu NWs
were printed onto a polyimide (PI) substrate and sintered by
flash light irradiation. The viscosity of the fabricated Cu NW/NP
ink was measured by using a viscometer. The sheet resistances
of the sintered Cu NW/NP ink films were measured using
a four-probe method with a source meter. For the resistivity
calculations, two-dimensional profile imaging of the Cu NW/NP
ink films was performed using an α step to measure the film
thickness. Also, the flash light-sintered Cu NW/NP ink films

Table 1. Contents of Formulated Cu NW/NP Ink

DEG (g) PVP (g) Cu NPs (wt %) Cu NWs (wt %) total Cu (g)

9 0.9 100 0 11.4
9 0.9 99 1 11.4
9 0.9 97 3 11.4
9 0.9 95 5 11.4
9 0.9 0 100 11.4

Figure 1. Schematics of (a) the bending fatigue tester, (b) the
photograph of flash light-sintered Cu NW/NP ink for the fatigue test,
and (c) bending radius calculation.

Figure 2. SEM images of unsintered (a) Cu NPs and (b) Cu NWs used
in this work.

Figure 3. Morphology of Cu NW/NP ink after 24 h of ball-milling
process.

Figure 4. Sheet resistance of flash light-sintered Cu NW/NP-ink film
with respect to the flash light-irradiation energy and weight fractions of
Cu NWs. (inset) The damaged specimen at 15 J·cm−2 irradiation energy
(pulse duration: 10 ms, pulse number: 1).

Table 2. Summary of the Reported Light-Assisted Sintering of
Similar Size of Cu NPs with Respect to Optimized Irradiation
Condition, Substrate, and Conductivity

optimized irradiation condition

substrate
pulse
number

pulse
duration

irradiation
energy conductivity author

PI 1 10 ms 12.5 J·cm−2 72 mΩ/sq Hwang19

PI 1 10 ms 12.0 J·cm−2 Park33

PI 1 10 ms 12.5 J·cm−2 80 μΩ·cm Joo34

PI 1 10 ms 12.5 J·cm−2 54 μΩ·cm Kim35

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am506765p
ACS Appl. Mater. Interfaces 2015, 7, 5674−5684

5675

http://dx.doi.org/10.1021/am506765p


were characterized using microscopic and diffraction techniques
including scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The reliability of the flash light-sintered
Cu NW/NP ink films was investigated by measuring the
resistance change during 1000 cycles of outer and inner bending
tests as a function of the bending radius.

■ EXPERIMENTAL SECTION
Material Preparation and Fabrication of the Cu NW/NP Ink

Film. For the fabrication of the CuNW/NP inks, CuNWs (150± 50 nm
in diameter, 1−2 μm in length, oxidized; SkySpring Nanomaterials, Inc.)
and Cu NPs (20−50 nm in diameter, oxide thickness >2 nm; Quantum
Sphere Inc.) were dispersed in a mixed solvent containing 9 g
of diethylene glycol (DEG, ≥ 99%; Sigma-Aldrich) and 0.9 g of PVP
(MW 55 000; Sigma-Aldrich; see Table 1). For the premixing processes,
the mixed Cu NW/NP inks were dispersed using an ultrasonicator and a
mechanical stirrer for 2 h followed by ball milling for 24 h. The dispersed
Cu NW/NP inks were entirely dispersed again using a three-roll milling
process three times. To determine the optimal ratio of the Cu NW/NP
inks, the wt % of Cu NWs was varied from 0 to 100 wt %, as shown in
Table 1. The fabricated CuNW/NP inks were pasted onto a PI substrate
using a doctor blading method and dried on a hot plate (HSD 180,
Misung Scientific Co.) at 100 °C for 30 min.

Flash Light-Sintering of the Cu NW/NP Ink Films. To sinter the
Cu NW/NP ink films on PI substrates, flash light irradiation from a

Figure 5. Photograph images of (a) printed (upper) and flash light-sintered (lower) CuNW/NP ink film on PI substrate. Surface profiles of CuNW/NP
ink filmwith respect to wt % of CuNWs: (b) the printed CuNW/NP ink film and the flash light-sintered CuNW/NP ink film with (c) 0, (d) 1, (e) 3, (f)
5, and (g) 100 wt % of Cu NWs (irradiation energy: 12.5 J·cm−2, pulse duration: 10 ms, pulse number: 1).

Table 3. Resistivity of Optimally Flash Light-Sintered Cu
NW/NP-Ink with Five Different Weight Fractions of Cu NWs
(pulse number: 1, pulse duration: 10 ms)

Cu NPs
(wt %)

Cu NWs
(wt %)

energy
(J/cm2)

resistivity
(μΩ cm)

the times compared to
bulk Cu (1.77 μΩ cm)

100 0 12.5 94.01 ± 6.31 53.12 ± 3.57
99 1 12.5 48.52 ± 7.30 27.42 ± 4.13
97 3 12.5 33.40 ± 5.19 18.87 ± 2.93
95 5 12.5 22.77 ± 4.24 12.87 ± 2.40
0 100 12.5 104.15 ± 7.92 58.84 ± 4.47
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xenon flash lamp (PerkinElmer Co.) was applied. The wavelengths
of the xenon flash lamp ranged from 300 to 950 nm.19,29 The total
applied energy varied from 7.5 to 15 J·cm−2 using one pulse with a 10ms
duration.
Mechanical Reliability of the Flash Light-Sintered Cu NW/NP

Ink Films. The mechanical reliability of the sintered Cu NW/NP ink
films was investigated under repeated tensile (outer bending) and
compressive (inner bending) loading tests. For the reliability test, a lab-
made bending tester was used, as shown in Figure 1a. The bending tester
consists of a gripping part to fix the Cu NW/NP ink films on the PI
substrate and a moving part to bend the Cu NW/NP ink films using an
electronic motor.
For the fatigue test, a 2 × 1 cm sample of the Cu NW/NP ink was

printed onto a 10 × 4 cm PI film (Figure 1b). The fatigue tests were
conducted at a frequency of 1 Hz, and the two-point probe method was
used to measure the resistance changes every 100 cycles for 1000 cycles.
In the fatigue test, the moving distances (dL) were varied using

the relationship in the following equation to generate three different
bending radii (r) of 7, 10, and 15 mm, as shown in the schematic in
Figure 1c.30,31 In eq 1, L is the substrate length (4 cm), and hs is the
thickness of the substrate (225 μm).

π= · · − ·− − −r L d L h L[( ) { (12 ) }]L
1

s
2 2 0.5 (1)

Characterization. The viscosity of Cu NW/NP inks was measure
using a viscometer (viscometer; SV-10, A&D Company). The surface
and cross-section morphologies of the Cu NW/NP ink films were
analyzed using an SEM (S4800 Hitachi). From the low-resolution SEM
images, the average porosity of flash light-sintered Cu NW/NP ink films
was calculated using MATLAB-based image analysis program (Math-
Works Inc., USA). Crystal phase analysis of the flash light-sintered Cu
NW/NP ink films was performed using a XRD (D/MAX RINT 2000,
Rigaku). The sheet resistances of the sintered Cu NW/NP ink films
were measured using a four-point probe (diameter of probe tip: 1 μm,
interval of probe tips: 1 mm; Modusystems, Inc.) with a source meter
(2015 THD, Keithley). The film thicknesses of the Cu NW/NP ink
films were measured using an α step (KLA Tencor AS500, Tencor
instruments).

■ RESULTS AND DISCUSSION

Figure 2 shows the SEM images of Cu NPs and Cu NWs used in
this work. The Cu NPs have spherical shape with an average
diameter of ∼40 nm. Meanwhile, the Cu NWs were in the range

of 150 ± 50 nm in diameter and 1−2 μm in length with some
broken NWs.
Figure 3 shows the surface morphology of Cu NW/NP ink

after ball-milling process. With the long time premixing process,
Cu NWs were dispersed between Cu NPs with some of the
aggregates. Then, the dispersed Cu NW/NP inks were entirely
dispersed using three-roll mill, having the grinding effect that
diffused small aggregates of Cu NW/NP inks. These dispersion
procedures contributed to the uniform distribution of Cu NPs
and NWs after printing process. As a result, a small standard
deviation with low sheet resistance of film was obtained after
sintering process (sheet resistance and standard deviation in
Figure 4).32 After dispersion process, the fabricated Cu NW/NP
inks showed similar viscosity of ∼310−320 centistokes.
To investigate the sintering characteristics of Cu NW/NP ink

films, the flash light-irradiation energy was varied from 7.5 to
15 J·cm−2 with one pulse and 10 ms duration. The sheet
resistances of Cu NW/NP ink films were measured with respect
to the flash light irradiation conditions as shown in Figure 4.
When the flash light irradiated, the oxide shells of Cu NPs and
Cu NWs were removed by the intermediate alcohol from
decomposed PVP, and necklike junctions among the Cu
NW/NPwere formed during flash light irradiation.16 In addition,
the sheet resistance of the Cu NW/NP ink films gradually
decreased as the irradiation light energy increased to 12.5 J·cm−2

because necklike junctions grew larger as the irradiation light
energy increased.19,33 However, the sheet resistance of the
15 J·cm−2

flash light-irradiated Cu NW/NP ink films suddenly
increased because it was damaged by the excess irradiation
energy, as shown in the inset image in Figure 4. Accordingly,
an irradiation energy of 12.5 J·cm−2 with one pulse and a 10 ms
duration seemed to be the optimal flash light sintering condition
for all of the Cu NW wt % specimens. The flash light sintering
condition of 12.5 J·cm−2 energy and 10 ms duration was a similar
condition in comparison with our previous works, which used the
same Cu NPs19,33−35 (Table 2). Also, Park et al. investigated the
temperature changes of Cu NPs film during flash light-sintering
process; when the flash light irradiated with 12 J·cm−2 of energy,
the maximum temperature of the Cu NPs film was increased to

Figure 6. SEM images of flash light-sintered Cu NW/NP ink film at ca. (a) 0, (b) 1, (c) 3, (d) 5, and (e) 100 wt % of Cu NWs (irradiation energy:
12.5 J·cm−2, pulse duration: 10 ms, pulse number: 1).
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318 °C, allowing the complete vaporization of the PVP and fully
melting the Cu NPs. Subsequently, the melted liquid Cu NPs
were agglomerated and enlarged with solidifying procedure.33

In conclusion, an irradiation energy of 12.5 J·cm−2 with one
pulse and a 10 ms duration was determined as the optimal flash
light-sintering condition for all of the Cu NW wt % specimens.

Figure 7.Calculated average porosity of the flash light-sintered Cu NW/NP ink film using low-resolution SEM images: (a) 0, (b) 1, (c) 3, (d) 5, and (e)
100 wt % of Cu NWs (irradiation energy: 12.5 J·cm−2, pulse duration: 10 ms, pulse number: 1).

Figure 8. Cross-sectional morphology of the flash light-sintered Cu NW/NP ink film. (insets) High-resolution SEM images of upper part (upper) and
bottom part (lower) of the flash light-sintered Cu NW/NP ink film (irradiation energy: 12.5 J·cm−2, pulse duration: 10 ms, pulse number: 1).
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In the flash light-sintering condition of 12.5 J·cm−2 energy, the
sheet resistance of the sintered Cu NW/NP ink decreased as the
wt % of Cu NWs increased to 5 wt %. However, the 100 wt % of
Cu NWs case showed the highest sheet resistance among all the
wt % cases. Accordingly, the 5 wt % Cu NW case showed a sheet
resistance of 21 mΩ·cm−1, which is lower than those of any other
cases.
To measure the thicknesses of the Cu NW/NP ink films,

surface profiling analysis using an α-step instrument was con-
ducted (Figure 5). The cross-sectional profiles were measured
from a to a′ (unsintered case) and from b to b′ (12.5 J·cm−2

flash
light-sintered case), as shown in Figure 5a. The thickness of the
unsintered Cu NW/NP ink film was 14.87 μm (Figure 5b).
Meanwhile, the thickness of the Cu NW/NP ink films decreased
to ∼10 μm after the 12.5 J·cm−2

flash light-sintering process
(Figures 5c−g). Using these results, the resistivity of the Cu
NW/NP ink film was calculated using the measured sheet
resistance, as shown in Table 3. It was found that the resistivity
of the Cu NW/NP ink film decreased as the wt % of Cu NWs
increased. The 12.5 J·cm−2

flash light-sintered Cu NW/NP
ink film with 5 wt % Cu NW showed the lowest resistivity of

22.77 μΩ·cm, which is 12.87 times higher than the resistivity of
bulk Cu (1.77 μΩ·cm, see Table 3).
To investigate the morphologies of the 12.5 J·cm−2

flash light-
sintered Cu NW/NP ink films with respect to the wt % of Cu
NWs, SEM images were obtained. As shown in Figure 6a,e,
necking among the pure Cu NPs and Cu NWs, respectively, was
observed. These structures have high porosity between Cu NPs
and Cu NWs after flash light-sintering process, resulting in high
resistivity.2 Meanwhile, the 1, 3, and 5 wt %CuNWs cases showed
a tangled mixture of Cu NWs and Cu NPs (Figure 6b−d). It was
also found that the Cu NPs were melted and firmly welded onto
the Cu NWs. The network structures with the highly tangled Cu
NPs and Cu NWs appear to be more dense as the wt % Cu NWs
increased to 5 wt % (Figure 6). This result also could be seen
in average porosity calculation result. As shown in Figure 7, the
porosity of flash light-sinteredCuNW/NP ink filmswas decreased
as the wt % of Cu NWs increased to 5 wt %. It is noteworthy that
the 0 and 100wt%CuNWcases showed the high average porosity
(15.95% and 16.45%, respectively), whereas that of 5 wt % Cu
NWs case was 4.07%. Accordingly, higher electrical conductivity
at 5 wt % Cu NW/NP ink film than those of 1 and 3 wt % Cu
NW/NP ink films was attributed to the densely packed network of
Cu NW/NP structure (Table 3). In the cases of only Cu NPs and
Cu NWs, the electrons moved along a zigzag path through the
necklike junction. Meanwhile, the flash light-sintered Cu NW/NP
structure provided the quickest way for the electrons to move,
which results in a high electrical conductivity.27 Furthermore, to
investigate the sintering state of 12.5 J·cm−2

flash light-sintered Cu
NW/NP ink films, the cross-sectional morphology was taken as
shown in Figure 8. As a result, the bottom part of the flash light-
sintered Cu NW/NP ink film as well as the upper part of one
was fully sintered. From these experiments, it is concluded that
the 5 wt % of Cu NWs with 12.5 J·cm−2 irradiation energy is the
optimized condition of flash light sintering.
Figure 9 shows the XRD results used to investigate the crystal

phase of the unsintered and flash light-sintered Cu NW/NP ink
films. The XRD patterns of rawmaterials of CuNPs andCuNWs
showed peaks at 36.4°, 38°, and 61.3°, corresponding to Cu2O
and CuO, respectively, as they were covered with Cu oxides
(Figure 9a). After flash light sintering at 12.5 J·cm−2, complete
removal of the Cu oxide peaks was observed, and the intensity
of the Cu phase peaks (43.2°, 50.4°, and 74.1°) increased, which
is evidence of the complete reduction and sintering of the Cu
NW/NP ink films (Figure 9b). It is noteworthy that the flash
light irradiation completely reduced the oxide shells covering not
only the Cu NPs but also the Cu NWs to pure copper.
To investigate the reliability of the flash light-sintered Cu NPs

ink films, outer bending tests were performed as a function of the
bending radius. For these tests, the resistance change (ΔR·R0

−1)
was expressed as follows:

Δ · = − ·− −R R R R R( )0
1

0 0
1

(2)

where R is the measured resistance after the bending test, and
R0 is the initial resistance. The R values were measured every
100 cycles. Figure 10 shows the ΔR·R0

−1 results obtained during
the repeated outer bending fatigue test in the case of 0 wt % Cu
NWs. TheΔR·R0

−1 value increased as the cycle number increased
because crack initiation and propagation occurred in the Cu
NPs ink film due to the repeated tensile loading. As shown in
Figure 10a, the ΔR·R0

−1 value gradually increased to 600 cycles
because of crack initiation and generation in the Cu NP ink film,
as observed in the SEM images in Figures 10b,c. After 600 cycles,
the ΔR·R0

−1 value drastically increased due to the acceleration of

Figure 9. X-ray diffraction patterns of Cu NW/NP ink film for (a)
unsintered and (b) flash light-sintered cases (irradiation energy:
12.5 J·cm−2, pulse duration: 10 ms, pulse number: 1).
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crack propagation and its rapid growth36 (Figures 10d,e),
resulting from weakened necklike junctions among the Cu NPs
due to repeated tensile loading. For this reason, large cracks were
formed among the flash light-sintered Cu NPs and propagated
easily during the outer bending. As a result, the ΔR·R0

−1 value of
the 0 wt % Cu NWs case after 1000 cycles was 92.75.
The bending fatigue tests of the 12.5 J·cm−2

flash light-sintered
Cu NW/NP inks were performed while varying the bending
radius to 7, 10, and 15 mm. Figure 11 shows the ΔR·R0

−1 results
obtained in the repeated outer bending fatigue tests. As shown in
Figure 11a, the ΔR·R0

−1 values decreased when even only 1 wt %
Cu NWs was added, as shown in Figure 11a (the red line).
As a result, the ΔR·R0

−1 value of the 1 wt % Cu NWs case was
20.57 after 1000 cycles, which is 4.5 times lower than that of the
0 wt % Cu NW case (92.75). The ΔR·R0

−1 values of the 3, 5, and
100 wt % Cu NW cases were 5.23, 4.19, and 3.65, respectively,
with no crack acceleration occurring during the fatigue tests
(Figure 11a; the green, blue, and pink lines).
As part of the in-depth study of these phenomena, SEM images

of the flash light-sintered Cu NW/NP ink films were obtained
(Figures 11d−h) after 1000 cycles of outer bending tests. In the
outer bending testing of the 0 wt % Cu NWs, a large crack
attributed to the acceleration of crack propagation was found
among theCuNPs andCuNWs, asmentioned above (Figure 10).
Meanwhile, the influence of the Cu NWs was clearly observed as
the wt % of CuNWs increased. As shown in Figure 11e, the size of
the crack among the Cu NPs decreased because the Cu NWs
prevented necklike junctions and subsequent crack initiation and
retarded crack propagation under the tensile loading. As the wt %
of Cu NWs increased, this phenomenon was more clearly
observed over the entire Cu NW/NP ink film, as shown in
Figure 11e−h. The 5 and 100 wt % Cu NWs showed only a few
small cracks (Figure 11g,h). This phenomenon is also strongly
related to the density of the flash light-sintered Cu NW/NP-ink

films because the ductility of Cu material is proportional to the
density of film: the nanocrystalline Cu with the grain size under
25 nm has ductility under 2%. On the other hand, the bulk Cu has
much larger ductility, up to 70% elongation.23,24 Therefore, it is
difficult for 0 wt % Cu NWs case as well as the nanocrystalline
Cu to endure under repeatable tensile condition due to the highly
concentrated stress at small necklike junctions, resulting in brittle
fracture of film. Meanwhile, in the case of 5 wt % Cu NWs, the
Cu NWs supplemented the density of film in Cu NPs porous
media, thereby resulting in much higher durability under
repeatable bending conditions. Also, the NWs have unique
properties such as high flexibility and stretchability due to its
wire-shaped structure.20,37,38 Therefore, the Cu NWs contributed
to densification and flexibility of film. Accordingly, the mechanical
performance of flash light-sintered Cu NW/NP ink films under
fatigue condition was greatly improved as the wt % of the CuNWs
increased. Meanwhile, in the case of 100 wt % Cu NWs, Cu film
consisting of only Cu NWs have excellent mechanical flexibility
and stretchability, which make it possible to sustain the electrical
conductivity in spite of the highest porous structure among all the
cases (Figure 11h).20,37−39

In the samemanner, in the cases of bending radii of 10mm and
15 mm, the ΔR·R0

−1 values after 1000 cycles of outer bending
decreased as the wt % of Cu NWs increased, similar to the case of
the 7 mm bending radius. It is noteworthy that abrupt crack
accelerations did not occur in the 3, 5, and 100 wt % cases
but occurred in the 0 and 1 wt % Cu NWs cases, as shown in
Figure 11b,c. Again, this demonstrates the role of Cu NWs in
retarding crack propagation. Also, the Cu NWs strengthen the
weakest part of the porous structure of sintered Cu NPs with
distributing the stress from necking area of CuNPs to CuNWs,40

resulting in improving their mechanical properties under
repeatable tensile loading. Therefore, it was concluded that
randomly dispersed Cu NWs, welded among the sintered Cu

Figure 10.Outer bending fatigue test results about (a) bending radius of r = 7 mm and SEM images of the fatigue-tested Cu NPs ink film after (b) 400,
(c) 600, (d) 800, and (e) 1000 cycles of bending.
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NPs, can enhance the reliability of Cu NW/NP ink film under
tensile loading, as expressed in the schematic of Figure 13.
Figure 12 shows the inner bending fatigue test results of the Cu

NW/NP ink films. As shown in Figure 12a, in the 0 wt % CuNW
cases, the ΔR·R0

−1 value gradually increased through 600 cycles
and then drastically increased due to acceleration of crack
propagation. TheΔR·R0

−1 value of this 0 wt % case was 84.03 after
1000 cycles (black line in Figure 12a). Meanwhile, those after 1,
3, 5, and 100 wt % Cu NW cases after 1000 cycles were 14.88,
4.94, 3.72, and 2.66, respectively, as demonstrated in Figure 12a
(the red, green, blue, and pink lines). In particular, the 3, 5, and
100 wt % Cu NW cases showed no crack acceleration during the
fatigue tests, indicating that the Cu NWs prevent crack initiation

and propagation due to compressive loading. Figure 12d shows
the 0 wt % Cu NWs case after 1000 cycles of the inner bending
fatigue test. Similar to the outer bending test case (Figure 11), a
large crack due to compressive loading was observed. The cracks
among the Cu NPs decreased as the wt % of Cu NWs increased,
as seen in Figure 12d−h, because the Cu NWs enhanced the
mechanical reliability of the CuNw/NP ink films.41,42 As a result,
the 5 and 100 wt %CuNWs cases showed only a few small cracks
compared to the lower wt % Cu NW cases. This is because of the
high density and flexibility of Cu NW/NP ink films with 5 wt %
Cu NWs and the enhanced fatigue characteristics due to the
highly flexible film of 100 wt % Cu NWs under compressive
condition, as mentioned in outer bending test. In the same

Figure 11. Outer bending fatigue test results about bending radius of (a) r = 7 mm, (b) r = 10 mm, and (c) r = 15 mm. (insets) Photographs of the
specimen for outer bending fatigue test with respect to the bending radius. SEM images of the fatigue-tested Cu NW/NP ink film: the 1000 cycles of
outer bending fatigue test results of (d) 0, (e) 1, (f) 3, (g) 5, and (h) 100 wt % of Cu NWs.
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manner, acceleration of the changes of ΔR·R0
−1 due to inner

bending fatigue was prevented in the 3, 5, and 100 wt % Cu
NW cases (Figure 12a−c). The ΔR·R0

−1 value increased as
the bending radius decreased where the ΔR·R0

−1 values after
1000 cycles of the inner bending fatigue test with bending radii
of 7, 10, and 15 mm were 2.66, 1.72, and 0.49, respectively.
Therefore, it was concluded that the addition of more than
3 wt % Cu NWs into Cu NP ink can efficiently prevent crack
generation and propagation caused by inner and outer bending
loading (see Figure 12). However, the 100 wt % Cu NW case
showed high resistivity due to its porous structures after
flash light sintering and the highest mechanical reliability under

repeatable tensile and compression loading conditions. Mean-
while, the 5 wt %CuNWs case showed remarkably low resistivity
with enhanced fatigue characteristics, which is comparable to
100 wt % of Cu NWs. As a result, this addition can greatly
enhance the reliability of flexible electrodes in printed electronics
applications (Figure 13).

■ CONCLUSION
In this work, the effects of Cu NWs on the reliability of a flash
light-sintered Cu NP/NW printed electrodes were investigated
under repeatable outer and inner bending fatigue loading. The
ΔR·R0

−1 values after fatigue test decreased significantly in the case

Figure 12. Inner bending fatigue test results about bending radius of r = (a) 7, (b) 10, and (c) 15 mm. (insets) Photographs of the specimen for inner
bending fatigue test with respect to the bending radius. SEM images of the fatigue-tested Cu NW/NP ink film: the 1000 cycles of inner bending fatigue
test results of (d) 0, (e) 1, (f) 3, (g) 5, and (h) 100 wt % of Cu NWs.
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of 5 wt % Cu NWs because the Cu NWs supplemented the
density and mechanical flexibility of film, which retarded crack
initiation and propagation. Furthermore, the flash light-sintered
Cu NW/NP ink films showed a lower resistivity than that of the
Cu NPs ink films with a value of 22.77 μΩ·cm for the 5 wt % Cu
NWs case compared to 94.01 μΩ·cm and 104.15 μΩ·cm for the
cases of pure Cu NPs and Cu NWs. It is expected that the results
obtained in this work can be widely used to enhance the
reliability under bending of flexible electronic circuits.
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