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Abstract 

One-dimensional metal nanowires offer great potential in printing transparent electrodes for 

next-generation optoelectronic devices such as flexible displays and flexible solar cells. 

Printing fine patterns of metal nanowires with widths < 100 µm is critical for their practical use 

in the devices. However, the fine printing of metal nanowires onto polymer substrates remains 

a major challenge owing to their unintended alignment. This paper reports on a fine-printing 

method for transparent silver nanowires (AgNWs) electrodes miniaturized to a width of 50 µm 

on ultrathin (1 µm) polymer substrate, giving a high yield of > 90%. In this method, the AgNW 

dispersion, which is swept by a glass rod, is spontaneously deposited to the hydrophilic areas 

patterned on a hydrophobic-coated substrate. The alignment and accumulation of AgNWs at 

the pattern periphery are enhanced by employing a high sweeping rate of > 3.2 mm/s, improving 

electrical conductivity and pattern definition. The more aligned and more accumulated AgNWs 

lower the sheet resistance by a factor of up to 6.8. In addition, a high pattern accuracy ≤ 3.6 

µm, which is the deviation from the pattern designs, is achieved. Quantitative analyses are 

implemented on the nanowire alignment to understand the nanowire geometry. This fine-

printing method of the AgNW electrodes will provide great opportunities for realizing flexible 

and high-performance optoelectronic devices. 
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1. Introduction 

Transparent electrodes that are conventionally made of indium 

tin oxide (ITO) play an important role in optoelectronic 

devices such as displays and solar cells. Recently, as the 

emerging replacements to ITO, carbon nanotubes (CNT) [1, 

2], graphene [3–5], conductive polymers [6, 7], and metal 

nanowires [8–10] have attracted considerable attention for 

next-generation optoelectronic devices such as flexible 

displays and flexible solar cells owing to their solution 

processability and mechanical flexibility. In particular, silver 

nanowire (AgNW) electrodes have exhibited excellent 

performance in a high optical transmittance of > 90% [11], 

low sheet resistance of < 20 Ω/sq [12], and mechanical 
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flexibility with > 100% strain [13]. The simultaneous 

achievements of transparency, low resistance, and excellent 

mechanical flexibility and durability have not yet been 

realized on other materials, so far. Thus, AgNWs electrodes 

have been intensively explored for wearable electronics and 

flexible fiber electronics [14–16]. 

Realizing fine patterns of AgNWs with < 100 µm width is 

critical for their practical use in the pixels and grid patterns of 

flexible displays and capacitive touch panels. However, the 

conventional fine-patterning methods with photolithography 

[17] or laser ablation [18] would easily cause disconnections 

between nanowires, leading to a loss of conductivity with high 

material consumption. Furthermore, there exists a difficulty in 

implementing these methods on flexible polymer substrates 

because of the use of harsh solvents or high-energy sources. 

In contrast, additive manufacturing (i.e., printing methods) is 

an attractive alternative because the potential cost 

effectiveness is independent of the required pattern resolution 

[19]. Thus, ink jet printing [20], screen printing [21], and 

gravure printing [22] for AgNWs electrodes have been 

suggested. However, among these printing methods, hurdles 

in fine patterning exist owing to unintended bleeding or 

dewetting of ink [23]. To address these hurdles, Yang et al. 

[24] have utilized hydrophilic microchannels surrounded by a 

hydrophobic layer for the fine patterning of AgNWs. However, 

the fine patterning has not yet been realized onto polymer 

substrates because the hydrophilic microchannel needs to be 

created by photolithography process on a rigid silicon wafer. 

Because of these hurdles, the fine patterning of AgNWs 

electrodes with additive techniques on a polymer substrate is 

still challenging. 

Herein, we propose a fine-printing method for transparent 

AgNWs electrodes, which enables a pattern width down to 50 

µm on an ultrathin polymer substrate. In this method, the 

AgNW dispersion, which is swept by a glass rod, is 

spontaneously deposited to the hydrophilic areas patterned on 

a hydrophobic-coated substrate. An yield for AgNWs 

electrodes was obtained as > 90%. The more aligned and more 

accumulated AgNWs were formed at the pattern periphery by 

employing a high sweeping rate of > 3.2 mm/s, improving the 

electrical conductivity and the pattern definition. The 

nanowire alignment was quantitatively studied using the 

image analysis techniques. The developed method will pave 

the way for printing high-performance transparent electrodes 

on flexible polymer substrates with low material consumption. 

2. Experimental 

2.1 Hydrophobic/Hydrophilic-patterned surface 

The hydrophobic/hydrophilic-patterned surface was prepared 

as follows. First, the hydrophobic surface was fabricated by 

spin coating a fluorocarbon agent (WP-100; Daikin Industries, 

Ltd., Osaka, JPN) on a 1-µm-thick poly(para-xylylene) 

polymer film (dix-SR; Daisankasei Co., Ltd., Ichihara, JPN) 

supported on a glass substrate (Eagle XG; Corning Inc., 

Corning, NY, USA). The substrate size was 2 cm × 3 cm. Then, 

hydrophilic areas were selectively introduced by exposing the 

hydrophobic surface to vacuum-ultraviolet (VUV) light 

through a photomask. This VUV exposure was conducted for 

15 s using a radiofrequency discharge lamp (Flat Excimer EX-

mini; Hamamatsu Photonics K.K., Shizuoka, JPN) with a 

distance of ~10 mm between the lamp and the hydrophobic 

surface. 

After the VUV exposure of the hydrophobic surface, the 

measurement results of X-ray photoelectron spectroscopy 

(XPS, JSP-9010MX; JEOL, Akishima, JPN) indicated the 

disappearance of the F1S orbital from the hydrophobic surface. 

In addition, the surface profiler (DektakXT DXT-A; Bruker 

Corp., Billerica, MA, USA) detected an ablated thickness of 

less than 10 nm. These results indicate the removal of the 

hydrophobic coating. This removal was also confirmed by 

measuring the contact angles (DM-500; Kyowa Interface 

Science Co., Ltd., Saitama, JPN). The contact angles of the 

AgNW dispersion decreased from ~52° to ~26° after VUV 

Figure 1. (a) Schematic illustrations of patterning process with 

hydrophobic/hydrophilic-patterned ares for fabricating electrodes on 

a 1-µm–thick polymer substrate. Dark-field optical images of 50-

µm-wide AgNW electrodes coated at (b) low sweeping rate (0.4 

mm/s) and (c) high sweeping rate (3.6 mm/s). The scale bar 

represents 20 µm. 
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exposure. The dispersion comprises isopropyl alcohol ~50%, 

water ~30%, ethanol ~15%, methanol ~5%, and AgNWs 

~0.15%. The viscosity is estimated to 1–3 cP with the 

reference [25] and the composition of the solution. In a 

reference test, the contact angles of distilled water also 

decreased from ~110° to ~89°. Hence, the VUV exposure with 

a photomask yielded hydrophilic patterns on the hydrophobic 

surface.  

2.2 AgNWs electrodes 

For fine patterning of the AgNW electrodes, 1-mm-long 

straight hydrophilic patterns with widths of 50–250 µm were 

prepared with the aforementioned process. The AgNW 

dispersion employed in this study had AgNWs with average 

width and length of 39 nm and 13 µm, respectively (Showa 

Denko K.K., Tokyo, JPN). We used a glass rod to sweep 20 

µL of the AgNW dispersion over the 

hydrophobic/hydrophilic-patterned surface at a distance of 

~250 µm from the substrate surface to the rod bottom. The 

glass rod employed is commercially available and is generally 

used to mix chemicals and liquids in laboratories. The nature 

of the glass rod is hydrophilic such that the dispersion spreads 

along the glass rod from edge to edge on the substrate even if 

the substrate is hydrophobic. The substrate was kept at room 

temperature (approximately 20℃) in the sweeping process. 

The sweeping rate was controlled by a custom-made system 

with a stepping motor. The dispersion preferentially wetted 

the hydrophilic areas, forming AgNW-based electrodes. The 

samples were heated for 1 h at 120 ℃ in near-vacuum 

(approximately 100 Pa). The AgNW electrodes were observed 

under a dark field with an optical microscope (DM4000 M; 

Leica Microsystems, Wetzlar, DEU). The electrical sheet 

resistance was measured via two-point measurement 

(U1252B; Keysight Technologies, Santa Rosa, CA, USA) 

with silver pads deposited on the AgNW electrodes.  

3. Result and Discussion 

Fig. 1(a) shows a schematic of the patterning process. The 

AgNW dispersion was swept over the prepared substrate in the 

longitudinal direction of the hydrophilic patterns. Due to the 

differences in surface energy, the AgNW dispersion was 

spontaneously deposited on the hydrophilic areas [24, 26]. In 

this process, the dispersion was possibly subjected to shear 

stress [24, 27] during rod coating or to outward flux [28] 

during drying (Fig. 1(a)). The former can preferentially 

enhance the nanowire alignment to the sweeping direction [24, 

Figure 2. Nanowire alignment in the AgNW electrodes patterned on a hydrophilic area with a width of 50 µm. (a) Color-coded map indicating 

the local angle of nanowires on segments of the image in Fig. 1(c). The scale bar represents 20 µm. The segmentation was done in five zones 

with a periphery (column Nos. 1, 5) and an interior (column Nos. 2–4). (b) Angular distribution of column No. 3 from Fig. 2(a), relative to 

the coating direction. (c) FWHM and (d) P/B for each segmented area of AgNW electrodes patterned at sweeping rates of 0.4 and 3.6 mm/s. 
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27]. The latter, known as the coffee-stain effect [28], can cause 

the nanowires to drift towards the periphery. Fig. 1(b) shows 

the 50-µm-wide AgNW electrode prepared at a sweeping rate 

of 0.4 mm/s, forming a relatively random nanowire network 

with unclear edges. In contrast, at a higher sweeping rate of 

3.6 mm/s, the nanowire alignment at the periphery was clearly 

enhanced (Fig. 1(c)). 

Surface tension and surface free energy determine the 

wettability, which was evaluated as a fundamental factor in 

the context of developing spontaneous deposition of the 

AgNW dispersion. The surface free energy of the hydrophobic 

and hydrophilic surfaces and the surface tension of the 

AgNWs dispersion were determined using the Owens–

Wendt–Kaelble equation [29] with the measured contact 

angles and the previously reported surface tensions [30, 31]. 

For this calculation, we used the paremeters of distilled water, 

ethylene glycol, and isopropyl alcohol. The measured contact 

angles on the hydrophobic and hydrophilic surfaces are ~110° 

and ~89° for water, ~85° and ~75° for ethylene glycol, and 

~40° and ~8° for isopropyl alcohol, respectively. With these 

values and the surface tensions from the literatures [30, 31], 

the surface free energy of the hydrophobic and hydrophilic 

surfaces were obtained as 20.1  0.6 mN/m and 25.4  1.3 

mN/m, respectively, while the surface tension of the AgNWs 

dispersion was 23.4  4.2 mN/m. This result implies that the 

AgNW dispersion meets the basic requirement to wet the 

hydrophilic surface, and can support the fine deposition of the 

AgNWs under control of the sweeping rates, as shown in Fig. 

1. 

To study network geometry of the printed AgNWs, we 

investigated the nanowire alignment using the optical image 

of Fig. 1(c) and OrientationJ [32], a plug-in for ImageJ. Fig. 

2(a) shows a color-coded image indicating the local 

orientation angles of the nanowires with respect to the coating 

direction. The image was segmented into the periphery 

(column Nos. 1 and 5) and the interior (column Nos. 2–4) for 

comparisons between the areas. To quantitatively describe the 

nanowire alignment, we obtained the angular distribution 

from each image (column Nos. 1–5) and fitted a Gaussian 

function. As a typical case, Fig. 2(b) shows the fitting curve 

with the angular distribution of column 3 for a sweeping rate 

of 0.4 mm/s. The fitting curve was used to extract two 

parameters: the full width at half maximum (FWHM) and the 

peak-to-base ratio (P/B) [24]. A lower FWHM and a higher 

P/B indicate that the nanowires exhibit greater alignment to 

the sweeping direction.  

Fig. 2(c) shows the FWHMs of column Nos. 1–5 for the 

AgNW electrodes patterned with sweeping rates of 0.4 and 3.6 

mm/s. At the periphery (column Nos. 1 and 5), the sweeping 

rate of 3.6 mm/s results in FWHMs 1.4–2.0 times lower than 

those from a sweeping rate of 0.4 mm/s. In addition, the 

sweeping rate of 3.6 mm/s results in high P/Bs of 11−14 at the 

periphery, which are 3−4 times higher than those from a 

sweeping rate of 0.4 mm/s (Fig. 2(d)). These results indicate 

that the higher sweeping rate (i.e., 3.6 mm/s) produced greater 

alignment (i.e., lower FWHM and higher P/B) of AgNWs at 

the periphery. In contrast, for column Nos. 2−4, for both 

sweeping rates, the FWHMs are relatively high and the P/Bs 

are relatively low, which means the alignment is not 

remarkably high in the interior—the best alignment was 

observed in column No. 3 at a sweeping rate of 3.6 mm/s, with 

a relatively low FWHM (≈35°) and a relatively high P/B (≈6), 

but the alignment is not as high as at the periphery. The 

alignment analyses with the segmented images show that the 

higher sweeping rate improved the alignment of AgNW 

networks at the periphery with relatively random alignment in 

the interior (Figs. 2(c), (d)).  

Such different network geometries on a single pattern can 

be attributed to the outward flux of the dispersion during 

drying [28]. In this study, the drying process of the AgNW 

dispersion on the hydrophilic-patterned areas was visually 

monitored with unaided eyes at different sweeping rates. 

Whereas the dispersion was still wet for several seconds after 

sweeping at the rate of 3.6 mm/s, it had immediately dried at 

the sweeping rate of 0.4 mm/s. This suggests that the higher 

sweeping rate of 3.6 mm/s ensures more volume deposition 

and longer drying time, resulting in the outward flux [28], 

which could enhance nanowire alignment at the periphery.  

For the further insight, we investigated the relationship 

between the sweeping rate and the nanowire alignment over 

the entirety of a single pattern. Fig. 3 shows the FWHMs and 

the P/Bs of the AgNWs in the 50-µm-wide patterns prepared 

with different sweeping rates (0.4–3.6 mm/s). As the sweeping 

rate was increased, the FWHM decrease from 47° to 38°. 

Concurrently, the P/B increased monotonically from 3 to 10. 

At a sweeping rate of 3.6 mm/s, the P/Bs were 2 times higher 

than those for sweeping rates of 3.2 mm/s and below, which 

might be due to the shear stress [24, 27]. This was therefore 

Figure 3. FWHM (filled circles) and P/B (open squares) for AgNW 

electrodes patterned at various sweeping rates of 0.4–3.6 mm/s for 

the analysis of the whole area of the 50-µm-wide electrode. 
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the cause of the higher alignment degree obtained in each 

segmented image by employing the higher sweeping rate (Fig. 

2(c) and (d)).  

The highly-aligned nanowires at the periphery can be 

introduced to patterning AgNWs with various widths. Figs. 

4(a)–(c) show AgNW electrodes patterned with different 

widths by coating at the same rate of 3.6 mm/s. All electrodes 

show a higher density of highly-aligned AgNWs at the 

periphery (FWHM of < 44° and P/B of > 8). Wang et al. [33] 

reported that larger droplets of the AgNW dispersion enhance 

the coffee-stain effect. Similarly, we observed stronger coffee-

stain effects on the wider patterns (Fig. 4(a)–(c)). This 

accumulation of highly-aligned nanowires at the periphery 

improved the line definition compared to the samples 

patterned with the lower sweeping rate of 0.4 mm/s. When the 

AgNW dispersion was swept at the higher rate, the deviation 

of the actual patterned widths from the mask design 

dimensions was smaller (3.6 µm and 6.1 µm for sweeping 

rates of 3.6 mm/s and 0.4 mm/s, respectively). In addition, the 

electrical sheet resistance in the coating direction was also 

improved for 1-mm-long AgNW electrodes with widths of 

50–250 µm (Fig. 4(d)). Yields of the electrodes prepared with  

both sweeping rates (3.6 and 0.4 mm/s) were obtained as > 

90%: at least 11 conductive electrodes for total 12 samples. 

The average sheet resistances for electrodes patterned with the 

higher sweeping rate of 3.6 mm/s were in the range of 537–

1284 Ω/sq, which are 1.7–6.8 times lower than those patterned 

at 0.4 mm/s. This improvement in electrical characteristics 

should be attributed to the higher AgNW density at the 

periphery of the electrodes [34]. On comparison, these values 

of sheet resistance are higher than the state-of-the-art AgNWs 

electrodes with a few tens Ω/sq [27, 35–39]. However, the 

fine-printed AgNWs electrodes were only subjected to heating 

at 120℃ after coating. We found out that the resistance can be 

reduced into 3–93% (Average: 53%) of the initial resistance 

with thermal annealing at 200℃ for 10 min by preparing 

large-area AgNWs conductive films of 2 cm × 2 cm. In the 

future, other techniques [15] such as plasmonic welding, 

electrochemical coating, and mechanical pressing might be 

also effective for further reduction in resistance of the fine-

printed electrodes. 

To estimate the optical transparency, we extracted the 

fractional area coverage of nanowires on a single pattern 

prepared with the higher sweeping rate (3.6 mm/s) by using 

the optical images and ImageJ. The estimated coverage on 

patterns with widths of 50–250 µm was approximately 30–

40%, which means the transmittance at λ = 550 nm could be 

estimated as > 70% from the previous report of Bergin et al. 

[35]. For this estimation, we refered to the relationship 

between the area fraction and transmittance of the AgNWs 

with approximately same lengths and width as the ones we 

used. The high estimated transmittance was attributed to the 

lower AgNW density in the center. In addition, the actual 

optical transmittance might be higher than this estimated value, 

because the observed size of the nanowires should be larger 

than the actual size owing to the observation of their scattering 

light. 

4. Conclusion 

In conclusion, we have demonstrated the rod-coating 

technique with the hydrophobic/hydrophilic- patterned 

surface, resulting in fine-printed AgNW transparent electrodes 

with aligned and accumulated nanowires along the pattern 

periphery. The alignment analyses indicate that strong 

alignment can be formed at the periphery of the patterns by 

employing a higher sweeping rate. Such patterns of AgNW 

transparent electrodes experienced improved sheet resistance 

and patterning accuracy. In the recent reports [27, 36–39], 

alignment technology of the AgNWs has been explored for 

coating the entire surfaces of the substrates without patterning. 

However, alignment of nanowires should be implemented 

together with fine patterning for the practical use of printed 

AgNWs electrodes in flexible optoelectronics. In these terms, 

the fine printability on ultrathin polymer substrates and the 

alignment improvement on the fine patterns, simultaneously, 

have been demonstrated in this work. Furthermore, the 

patterning method we have developed can be used to create 

two different functionalities, i.e., dense and sparse networks, 

on a single electrode with widths down to 50 µm. This 

approach will provide great opportunities for realizing high-

Figure 4. Observation and characterization of patterned AgNW 

electrodes. Dark field optical images of samples with widths of (a) 

100 µm, (b) 200 µm, and (c) 250 µm for electrodes fabricated at a 

sweeping rate of 3.6 mm/s. The scale bar represents 100 µm. (d) 

Sheet resistance of AgNW electrodes patterned at sweeping rates of 

0.4 and 3.6 mm/s as a function of the pattern width. At least 11 

samples were measured and the average values and standard 

deviations are plotted. 
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performance optelectronic devices with transparent fine-

printed AgNW electrodes. 
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