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Abstract: In this study, we report on the effects of argon plasma treatment on Ag nanowires by varying the power

and duration. Sheet resistance was found to be significantly reduced to 10 ohm/sq. relative to the value of 21 ohm/sq.

for the pristine sample. Such a reduction was found to be associated with welded junctions between Ag nanowires, which

results in enhanced current flow. With the optimized plasma treatment conditions, the maximum and average transmittance

were 76.8% and 71%, respectively. Finally, we fabricated transparent heating devices based on the methodology, which

exhibited superior heating capability. 
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1. Introduction

In recent years, flexible transparent electrodes have been

used as the core components of many optoelectronic

devices, involving organic light-emitting diodes, electronic

displays, photovoltaic devices, and wearable sensors.

Although indium tin oxide (ITO) possesses a low sheet

resistance, high optical transparency, good stability, and

strong adhesion to the substrate, the shortcomings such as

intrinsic brittleness, high processing temperature required

for improved electrode properties, and the scarcity of

resources have hindered its applications in the flexible

transparent electrodes. Therefore, various types of alterna-

tive transparent conductive materials with high optical

transparency,1) low sheet resistance,2) and compatible

mechanical flexibility have been under intense research,

which includes conducting polymers, graphene, carbon

nanotubes, metal grids, and metal nanowire meshes.1)

Among the candidates, silver nanowires (AgNW)3) are

considered a promising candidate to replace ITO,4,5,9,14-16)

and research interests in improving AgNW properties have

been actively studied. These include annealing at elevated

temperatures,6) UV exposure, electrolyte solution, solvent

washing, etc. In this work, the AgNW surfaces were mod-

ified via Ar plasma (ArP) exposure by varying the power

and duration, and the optimized ArP treatment8) resulted in

a significant reduction in sheet resistance to 10 Ω/sq., rela-

tive to 21.0 Ω/sq. for the pristine sample, while no distinct

differences in the the optical transmittance were observed.

The improved conductivity can be attribuited to welded

junctions between AgNWs, formed by the ArP process.

Finally, we fabricated transparent heating devices to exam-

ine the applicability of the methodology. 

2. Experiment Details

The AgNWs (Novarials) have an average dimension of

30 nm × 30 μm. A mixture solution of 0.4 ml AgNWs and

1.6 ml Isopropyl Alcohol (IPA) was prepared in a bottle.

20 drops of AgNWs solution were dropped on the glass

substrates by a syringe having a volume of 5 ml. The sub-

strates were rotated at 8000 rotations per minute10) during

the dropping process to improve spatial uniformity and

sparing with AgNWs accumulation by a spin coater (ACE–

200, Dong Ah Trade Corp, South Korea )11,12) for 60 sec-

onds. The surface of the samples were then modified by an

Ar plasma generator (Covance, Femto Science, South

Korea). The chamber was evacuated to a base pressure of 5

× 10−6 Torr, and elevated to 5 × 10−2 Torr with the introduc-

tion of Ar gas at 20 standard cubic centimeters per minute.

AgNWs were then treated at varying powers of 10, 20 and

30 W and durations of 1, 3, 5 and 7 minutes. Following the

fabrication of the AgNWs heaters, 5 nm–wide, 100 nm–

thick Ag electrodes along the opposite edges of the heating
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elements were deposited by radio frequency sputtering. 

The sheet resistance of the AgNWs layer and photon

transmittance were measured using the four point probing

method (CMT-100S, AIT, South Korea) and spectropho-

tometry (CARY-100, Agilent, U. S. A.), respectively. The

surface morphologies of the AgNWs layer were observed

using ultrahigh-resolution field emission scanning electron

microscopy (SEM) (S-5500, Hitachi, Japan). A direct cur-

rent power supply (EPS-3305, EZT, South Korea) was

used to induce Joule heating and the temperature was mea-

sured by an infrared (IR) camera (PT1120, Fluke, the Neth-

erlands). 

3. Results and discussion

Fig. 1(a) shows the schematic structure of AgNWs on

top of the glass substrate that were treated by Argon

plasma treatment. Photographs of a bare glass substrate

and a substrate with AgNWs (after surface treatment) are

compared in Fig. 1(b), the visual comparison shows a

decrease in transmittance when the sample was covered by

AgNWs. The average visible light transmittance decreased

by approximately 22.6% as shown in Fig. 4.

In Fig. 2(a), SEM micrographs show the morphology of

the AgNWs before plasma treatment, and Fig. 2(b) and

2(c) represent enlarged images for the AgNWs in the circle

and square in Fig. 2(a), respectively. Fig. 2(d) shows the

AgNWs after the plasma modification, and Fig. 2(e) and

Fig. 2(f) represent enlarged images in Fig. 2(d), respec-

tively. After plasma modification, the junctions of AgNWs

were found to be tightly contacted as shown in Fig. 2(e)

and Fig. 2(f). This phenomenon may be enhanced with the

removal of polyvinylpyrrolidone (PVP) residual surfac-

tants that originally covered AgNWs.4) 

Fig. 3 illustrates a comparison of sheet resistance of

Fig. 1. (a) Schematic structure of AgNWs prepared on top of a glass substrate with Argon plasma treatment, (b) Optical photographs

of the glass substrate and AgNWs after Argon plasma treatment.

Fig. 2. SEM micrographs showing the morphologies of AgNWs

layer with the inclination angle of 25o (a) before plasma

treatment, (c) and (e) represent enlarged images before

plasma treatment in the circle and square on Fig. (a),

respectively; (b) after plasma treatment, (d) and (f)

represent enlarged images after plasma treatment in the

circle and square in Fig. (b), respectively. 
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AgNWs modified by different surface treatments. Overall,

the plasma-treated samples showed lower sheet resistance

values than that of the pristine sample due to the effect of

ArP treatment. This enhances the contact between AgNWs

junctions which leads to the increased conductivity of

AgNWs.13) It was shown that the selection of 20 W gener-

ally exhibited lower sheet resistance relative to the values

for 10 and 30 W. For all conditions, the sheet resistance

values platued above modification duration of 7 min.

Fig. 4 shows the maximum and average visible light (λ:

400-800 nm) transmittance measured with respect to the air

baseline. Despite the significant difference in sheet resis-

tance, the ArP did not result in appreciable differences in

optical transmittance values (i.e., maximum and average

values of 76.6 % and 70.6% for the pristine AgNWs and

76.8% and 71% for the ArP-processed AgNWs). The

transmittance values were not affected by the ArP power

and duration.

The Joule heating properties for the AgNW electrodes

such as electrode temperature and electrical current are

given in Fig. 5. As clearly shown, temperature and current

levels are inversely proportional to the AgNWs sheet resis-

tance in Fig. 5, as is expected by the Joule heating mecha-

nism, i.e., higher currents and higher heater temperatures

for samples with lower resistance at given applied voltages

(P=IV, where P, I, and V represent power, current and volt-

age, respectively).2) 

Fig. 6(a) shows the typical voltage-dependent Joule heat-

ing characteristics for the AgNW-heaters before ArP and

after ArP. As discussed earlier, the ArP-treated samples

show significantly improved heating capability at given

voltages due to the lower sheet resistance. The AgNW-

Fig. 3. The sheet resistance of AgNWs as a function of plasma

treatment condition at 10 W, 20 W, and 30 W with a

concentration of 0.4 ml AgNW and 1.6 ml IPA, 20 drop

mixture solution AgNWs on glass substrate by 8000

rotations per minute.

Fig. 4. Maximum and average transmittance of AgNWs as a function of plasma treatment. Red, orange, and green bar represent the

glass, before surface treatment and after surface treatment sample, respectively. (x-axis change) The transmittance for the glass

usbstrate was provided for reference.
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heaters exhibited fast thermal response, i.e., 97% of the

final temperatures were reached within 30 s. Fig. 6(b)

shows a cyclic heating test where the heaters were repeti-

tively switched on by applying 3 V for 6 min and switched

off for 6 min. The enhanced heating capability of the ArP-

AgNWs with fast thermal response and high reproducibil-

ity, clearly proves that the methodology explored in this

study has a great potential in the applications in flexible

devices.

4. Conclusion

In this study, we examined the effects of argon plasma

modification of Ag nanowires by varying the plasma

power and duration. With the optimized conditions, sheet

resistance values were reduced by more than a factor (10

ohm/sq. relative to the value of 21 ohm/sq. for the pristine

sample). Such a reduction can be attributed to the welded

junctions between Ag nanowires formed following the ArP

process. The maximum and average transmittance were

76.8% and 71%, respectively. Finally, we fabricated trans-

parent heating devices based on the methodology, which

exhibited superior heating capability. 
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