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1.  Introduction

Recently, metal nanoparticle (NP) based nano-inks of silver (Ag) [1–4], copper (Cu) [4, 5], and gold (Au) [4, 6, 7] 
are widely used to fabricate electrodes and interconnections for flexible electronic devices. These NPs have many 
advantages such as simple printing and sintering processes at low temperature (~120 °C), short fabrication time 
(typically less than several tens of minutes), and compatibility with various substrates including rigid materials 
(e.g. silicon or glass) and polymer films (e.g. polyimide or polyethylene terephthalate (PET)). Also, all-solution 
processing without physical vapor deposition methods such as evaporation or sputtering is possible by direct 
printing of metal NP nano-inks [1, 2, 5–12]. For these reasons, various printed electronic devices using metal 
NP nano-ink such as flexible sensor [1, 2, 13–15], flexible display [16, 17], and electronic circuit [11, 18–20] have 
been developed.

However, mechanical failure by large deformation of metal NP thin films under elongation conditions such 
as stretching, bending, and twisting can be a fatal problem for the operation of printed electronic devices. There-
fore, there have been studies for characterizing the mechanical properties of metal NP thin film [21–25]. In par
ticular, solution-processed Ag NP thin film have shown poorer stretchability than the e-beam evaporated Ag 
thin film due to the granular microstructure with numerous pores within Ag NP thin film [25]. In addition, 
there have been efforts to improve the mechanical characteristics of metal NP thin films. In the work by Lee et al 
[26], the elastic modulus and yield strength of Ag NP films were improved by both forming a composite thin film 
with carbon nanotubes (CNTs) and using oxygen pressure controlled annealing. Also, high tensile property was 
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Abstract
Recently, metal nanoparticle (NP) based ink solutions are widely used for fabricating flexible 
electronic devices due to many advantages such as low temperature process, simple and low-
cost manufacturing, and compatibility with various flexible substrates. The electromechanical 
characteristics of metal NP thin films on flexible substrates are very important because they 
often operate under various mechanical loading conditions. Here, we report an improvement 
of electromechanical properties of silver (Ag) NP thin films by composite formation with short 
Ag nanowires (Ag NWs). We fabricated Ag NP-Ag NW hybrid thin films on the flexible polymer 
substrates, which presented more reliable electromechanical characteristics than the Ag NP thin 
film. From in situ scanning electron microscope images, we observed a bridging behavior of Ag 
NWs inhibiting the growth of cracks on the surface as well as in the inside of hybrid thin films. The 
improvement of electromechanical characteristics by composite formation with short Ag NWs 
could be also observed in the microscale line patterns, both in the static and cyclic tensile loading 
conditions.
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achieved by the formation of composite with very long nanowires (NWs) with length of ~95 µm [27]. However, 
this composite thin film is not applicable to fabricate microscale patterns with several tens of micrometers due to 
the large length of Ag NWs.

In this paper, we report the improvement of electromechanical characteristics of the Ag NP thin film on flex-
ible substrates by composite formation with short Ag NWs (length  =  ~10 µm). The tensile characteristics of Ag 
NP-NW hybrid thin films with various NW concentrations were compared with that of pure Ag NP thin films. 
We observed the bridging behavior by Ag NWs connecting the crack tips on the surface as well as in the inside 
of Ag NP-NW hybrid thin film. Also, the prevention of the crack propagation by Ag NWs aligned perpendicular 
to the direction of crack propagation was observed from the scanning electron microscope (SEM) imaging. In 
addition to the thin film, the electromechanical characteristics of the Ag NP-Ag NW hybrid line patterns under 
tensile strain and repetitive loading/relaxation cycles were compared with those of the pure Ag NP line patterns.

2.  Methods

2.1.  Fabrication process of Ag NP-Ag NW hybrid thin film
The Ag NWs were synthesized by using a polyol method [28]. The solution of synthesized Ag NWs in methanol 
solvent was centrifuged at 10 000 rpm for 10 min to separate the Ag NWs from the solvent. After removing 
the solvent, Ag NWs were mixed with Ag NP ink (DGP 40LT-15C, Advanced Nano Products, Korea) using 
ultrasonication for 10 min. Here, the metal content and viscosity of Ag NP ink were 30 wt% and 18 cP, respectively. 
Then, Ag NP-Ag NW hybrid ink was spin-coated on the flexible polyimide (PI) and PET substrates as shown 
in figure 1. Afterwards, hybrid thin films on the substrate were sintered in a convection oven at 150 °C (on PI 
substrate) and at 120 °C (on PET substrate) for 30 min, respectively. After the sintering process, organic solvent 
was removed and then sufficient electrical conductivity could be obtained. Ag NP thin film using Ag NP ink only 
was also fabricated by the same coating and sintering processes.

2.2.  Microscale line patterning of Ag NP-Ag NW hybrid thin film
Hybrid ink was spin-coated on the PI substrate and sintered in a convection oven at 150 °C for 30 min. Next, 
sintered hybrid thin film was ablated using a laser source with a wavelength of 1064 nm. After the laser ablation 
process, the sample was ultrasonicated for 1 s in order to remove the residue at the edges of the line patterns. The 
width and pitch of fabricated line patterns were 30 µm and 70 µm, respectively. Ag NP line patterns were also 
fabricated by the same method.

2.3.  Tensile test and in situ SEM observation
Ag NP-Ag NW hybrid and Ag NP thin films were scribed using a cutting plotter (Graphtec, Japan) for the 
specimens in tensile tests. The shape of the specimen was a slender rectangle with a length of 40 mm and a width 
of 2.5 mm. Then, tensile test was performed with a tensile tester (R&B Inc., Korea) at a strain rate of 1.38  ×  10−3 
s−1. Electrical resistances of the thin films were measured using a source meter (Keithley 2400, Keithley, USA) 
during the tensile test. A custom designed tensile tester was used for in situ observation of surface morphologies 
and microstructures of the elongated thin films in the SEM.

3.  Results and discussion

The resistance-elongation curves of Ag NP and Ag NP–Ag NW hybrid thin films (Ag NW  =  4 wt%; Ag NP  =  96 
wt%) on PI and PET substrates are shown in figure 2. During the entire elongation process, Ag NP-Ag NW hybrid 
thin films showed more reliable electromechanical characteristics with smaller relative change of resistance 
(ΔR/R0) than that of the Ag NP thin film regardless of the substrate types. At a strain (ε) of 5%, ΔR/R0 of the Ag 
NP thin films on PI and PET substrates were 43% and 84% larger than those of the Ag NP-Ag NW hybrid thin 
films, respectively. At relatively higher strain of ε  =  30%, ΔR/R0 of the Ag NP thin films (ΔR/R0 (PI)  =  8.96; 
ΔR/R0 (PET)  =  9.72) were also 42% and 57% larger than those of the Ag NP-Ag NW hybrid thin films (ΔR/R0 
(PI)  =  6.31; ΔR/R0 (PET)  =  6.20), respectively. The 5% deviation strains were measured and compared as 
shown in the inset of figure 2. Here, 5% deviation strain was defined as the strain when the measured change of 
the resistance of specimen showed 5% deviation from the following theoretical equation.

R/R0 = (L/L0)
2� (1)

where L0 and R0 are the initial length and resistance of specimen, respectively. R is the electrical resistance of the 
specimen stretched to length of L. Theoretical equation (1) can be acquired by assuming a constant electrical 
resistivity (ρ) and a Poisson ratio (ν) of 0.5 during the deformation of specimen by tensile strain [29–32]. 
Previous studies have verified that the crack initiation of metal thin films start at the 5% deviation strain [30, 
32]. In addition, initial crack of the Ag NP thin films was confirmed around 5% deviation strain in our previous 
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Figure 1.  Schematic of fabrication process flow: A. Fabrication of the hybrid ink by mixing the Ag NP ink and Ag NW, B. Spin 
coating of the hybrid ink and annealing process, C. Tensile test with strain rate of 1.38  ×  10−3 s−1 and SEM images of surface of the 
composite thin film.

Figure 2.  Normalized change of resistance of the Ag NP and composite thin films on PI and PET substrates according to the tensile 
strain((a) ε  =  0%–40%; (b) ε  =  0%–8%); composite thin films showed improved electromechanical characteristics with higher 5% 
deviation strains regardless of the substrate type.

Funct. Compos. Struct. 1 (2019) 035006
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work [25]. Therefore, comparison of the 5% deviation strain can be a reasonable method to evaluate the 
electromechanical reliability of the metal thin films. The 5% deviation strains of the hybrid and the Ag NP thin 
films on the PI substrates were ε  =  3.28% (standard deviation (SD)  =  0.39%) and ε  =  2.09% (SD  =  0.21%), 
respectively. In the case of the hybrid and the Ag NP thin films on the PET substrates, the 5% deviation strains 
were ε  =  3.53% (SD  =  0.16%) and ε  =  2.80% (SD  =  0.26%), respectively. Although the differences in the 5% 
deviation strains were not quite significant, we verified that the electromechanical characteristics of the Ag NP 
thin film were improved by hybridizing with Ag NWs from the experimental results.

In addition to the substrate type, we considered the effect of concentrations of the Ag NWs. Figure 3(a) shows 
the resistance-elongation curves for the Ag NP-Ag NW hybrid thin films on PI substrates with various Ag NW 
concentrations (2–10 wt%). The higher the Ag NW concentration was, the lower ΔR/R0 of hybrid films became. 
Also, the difference in the ΔR/R0 between different Ag NW concentrations was significantly increased at higher 
strain. At ε  =  35%, ΔR/R0 of the Ag NP thin films was 13.1, which is 8.9% higher than that of the hybrid thin 
films with 2 wt% Ag NW (ΔR/R0  =  12.0). On the other hand, ΔR/R0 of Ag NP thin film was 118% higher than 
that of the hybrid film with 10 wt% Ag NW (ΔR/R0  =  5.99) at ε  =  35%. Furthermore, 5% deviation strains for 
different Ag NW concentrations were measured and compared as shown in figure 3(b) and table 1. The 5% devia-
tion strain was gradually increased with increasing concentration of Ag NW, resulting in a minimum and a maxi-
mum 5% deviation strain of 2.90% (SD  =  0.16%) and 3.79% (SD  =  0.19%) for the hybrid thin films with 2 wt% 
and 10 wt% Ag NW, respectively. These values were 39% and 81% higher than that of the Ag NP thin films. This 
result indicates that the electromechanical characteristics of the Ag NP thin films can be improved by hybridizing 
with Ag NWs and modulated by controlling the concentration of Ag NW.

In order to confirm why the hybridization with Ag NWs improves the electromechanical property of Ag 
NP thin film, in situ SEM observation of the hybrid thin film was conducted by increasing strains. Many previ-
ous studies have verified the improvement of mechanical characteristics by adding fibers within the composite 
matrix or composite films. In the works using quartz fibers [33], silicon carbide [34], and CNTs [26], the fracture 

Figure 3.  Normalized resistance-tensile strain curves of composite thin films with various concentrations of Ag NW ((a) ε  =  0%–
40%; (b) ε  =  0%–8%); the higher the NW concentrations, the lower the ΔR/R0 of composite films became.

Funct. Compos. Struct. 1 (2019) 035006
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toughness of the composite matrix was improved due to the crack blockage and crack deflection by fibers. Also, 
the yield strength of Ag NP-CNT composite film and electromechanical property of Ag NP-long Ag NW com-
posite film were reinforced due to the interruption of crack propagation by CNTs and nanowires, respectively. 
These behaviors were also observed in the present work with short Ag NWs. Figure 4 shows the in situ SEM 
images of surface cracks of the Ag NP and hybrid thin films on the PI substrates under ε  =  10% by custom-
designed tensile tester (see figure 4(a)). As shown in figure 4(b), a number of microcracks with size of a few 
hundred nanometers were formed perpendicular to the direction of tensile loading and also propagated along 
the grain boundaries. This behavior of crack propagation was observed and verified through atomistic computer 
simulation of nanocrystalline metal [21] and in situ TEM observation of crack propagation of freestanding Au 
thin film [22]. The growth and propagation of microcracks by external tensile load can cause the change of the 
electrical resistance of metal thin film [2]. On the other hand, two interesting phenomena were observed from 
the hybrid thin films under elongation (ε  =  10%). The first phenomenon is bridging behavior by Ag NWs. As 
shown in figure 4(c), Ag NWs connected the ends of the cracks on the surface as well as in the inside of the hybrid 
thin films. This bridging behavior by NWs can maintain the electrical current path as well as prevent the growth 
of the microcracks. The second phenomenon is the prevention of microcracks’ propagation by Ag NWs. Some 
Ag NWs aligned perpendicular to the crack propagation on the surface of the hybrid film prevented the propaga-
tion of microcracks, resulting in the interruption of forming larger microcracks. These observations show good 
agreement with the behaviors that enhance the mechanical characteristics of the hybrid films. From these results, 
we verified why the Ag NP-Ag NW hybrid thin films have more durable and reliable electromechanical character-
istics than the Ag NP thin films.

In order to analyze the growth and propagation behaviors of the microcracks and to study the hybridization 
effect by Ag NWs during elongation process, we observed the SEM images of the loaded Ag NP and the hybrid 
thin film in real time by using the in situ tensile jig. Figure 5 shows the in situ SEM images of the hybrid thin film 
(Ag NW  =  10 wt%; Ag NP  =  90 wt%; ε  =  0%–15%). At ε  =  5%, we observed the surface microcracks formed 

Table 1.  Average 5% deviation strain of the composite thin films according to the concentration of Ag NW.

Ag NW concentration (wt %)

0 2 4 6 8 10

Average 5% deviation strain (%) 2.09 2.90 3.28 3.46 3.72 3.79

Standard deviation (%) 0.21 0.16 0.39 0.30 0.48 0.19

Figure 4.  (a) Custom-designed tensile tester for in situ SEM observation, in situ SEM images of Ag NP (b) thin films and (c) 
composite thin films under ε  =  10%; In composite thin films, not only bridging behavior connects both ends of the cracks but also 
prevention of crack propagation were observed.

Funct. Compos. Struct. 1 (2019) 035006
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by external load and Ag NWs located on the right end of the microcrack as shown in figure 5(a). Regardless of 
the growth of the microcracks with increasing tensile strain, the microcrack could not propagate through the 
Ag NWs aligned perpendicular to the direction of the crack propagation. This behavior resulted in not only 
the interruption of forming larger microcrack but also the improvement electromechanical reliability. Also, as 
shown in figure 5(b), we observed bridging behavior by Ag NWs. At ε  =  5%, Ag NWs connecting both ends of 
the microcracks of the hybrid thin film were observed. Regardless of the growth of the microcracks at higher 
tensile strain, microcracks were still connected by Ag NWs without breakage, maintaining the electrical current. 
From these results, we can demonstrate why the hybrid thin films have more reliable electromechanical charac-
teristics than the Ag NP thin films.

In addition to the thin film, the effect of hybridization with Ag NWs to the electromechanical characteristics 
of microscale line patterns of Ag NP was investigated. Figure 6(a) shows the optical microscope and SEM images 
of the laser ablated Ag line patterns with width of 30 µm and pitch of 70 µm. The resistance-elongation curves 
by tensile test of Ag NP and Ag NP-Ag NW hybrid line patterns (Ag NW concentrations  =  4 and 10 wt%) on PI 

Figure 5.  In situ SEM images of composite thin film under elongation from ε  =  5% to ε  =  15%; (a) regardless of increasing tensile 
strain, Ag NWs prevented propagation of surface microcracks. (b) Ag NWs connected both ends of the microcracks of the composite 
thin films.

Funct. Compos. Struct. 1 (2019) 035006
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substrates are shown in figure 6(b). The hybrid line patterns showed more reliable electromechanical character-
istics with the lower relative change of the resistances (ΔR/R0) than those of the Ag NP line patterns. Also, the 
higher the Ag NW concentration was, the lower ΔR/R0 of the hybrid line patterns became. The 5% deviation 
strains of the Ag NP line patterns were 2.60% (SD  =  0.27%). On the other hand, the 5% deviation strains of the 
Ag NP-Ag NW hybrid line patterns were 3.75% (SD  =  0.25%) and 4.78% (SD  =  0.19%) for 4 wt% Ag NW and 
10 wt% Ag NW, respectively. From these results, we verified that hybridization of Ag NP-Ag NW improved the 
electromechanical reliability of both thin films and microscale line patterns. Furthermore, in order to investi-
gate the mechanical robustness of the Ag NP and hybrid line patterns as the electrical interconnection, we per-
formed cyclic tensile tests by repeated loading and relaxation. Repeated cycles of tensile strain between ɛ  =  1% 
and ɛ  =  5% was conducted by 10 000 times. Relative changes of the resistances (ΔR/R0) at 5% strain in increas-
ing loading/relaxation cycles were compared as shown in figure 7. The hybrid line patterns showed lower ΔR/R0 
than those of the Ag NP line patterns. After 10 000 cycles, ΔR/R0 of the hybrid line pattern and Ag NP line pattern 
were 2.90 and 4.53, respectively. This result indicates the improved mechanical reliability of Ag NP thin film by 
hybridization with Ag NWs due to the inhibition of crack propagation and bridging effect by Ag NWs.

Figure 6.  (a) Optical microscope and SEM images of the laser-ablated composite line patterns on the PI substrate (b) the 
normalized resistance-elongation curve of the Ag NP and composite line patterns; composite line patterns showed more reliable 
electromechanical characteristics than that of Ag line patterns.

Funct. Compos. Struct. 1 (2019) 035006
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4.  Conclusion

In summary, we investigated the electromechanical characteristics of Ag NP-Ag NW hybrid thin films on flexible 
polymer substrates and compared with those of Ag NP thin films by measuring the electrical resistance under 
tensile strain. Hybrid thin films showed improved electromechanical properties than those of Ag NP thin films. 
From the in situ SEM observation, we verified that the mechanical reliability of hybrid thin film was improved by 
the bridging behavior of Ag NWs that connect the microcracks as well as by the inhibition of the crack propagation 
with Ag NWs. It is believed that this work can provide a better understanding of the hybridizing effect by short 
Ag NWs on the mechanical characteristics of metal NP-NW hybrid film and can help the fabrication of flexible 
printed electronic devices with improved mechanical reliability.
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