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Effective passivation of Ag 
nanowire network by transparent 
tetrahedral amorphous carbon film 
for flexible and transparent thin 
film heaters
Hae-Jun Seok1, Jong-Kuk Kim2 & Han-Ki Kim1

We developed effective passivation method of flexible Ag nanowire (NW) network electrodes using 
transparent tetrahedral amorphous carbon (ta-C) film prepared by filtered cathode vacuum arc (FCVA) 
coating. Even at room temperature process of FCVA, the ta-C passivation layer effectively protect Ag 
NW network electrode and improved the ambient stability of Ag NW network without change of sheet 
resistance of Ag NW network. In addition, ta-C coated Ag NW electrode showed identical critical inner 
and outer bending radius to bare Ag NW due to the thin thickness of ta-C passivation layer. The time-
temperature profiles demonstrate that the performance of the transparent and flexible thin film heater 
(TFH) with the ta-C/Ag NW network is better than that of a TFH with Ag NW electrodes due to thermal 
stability of FCVA grown ta-C layer. In addition, the transparent and flexible TFHs with ta-C/Ag NW 
showed robustness against external force due to its high hardness and wear resistance. This indicates 
that the FCVA coated ta-C is promising passivation and protective layer for chemically weak Ag NW 
network electrodes against sulfur in ambient.

Ag nanowire (NW) percolating network electrodes coated on flexible substrate has been extensively investigated 
as a promising replacement of high-cost and brittle indium tin oxide (ITO) films in flexible optoelectronics due 
to its solution-based simple printing process, low-cost ambient coating process, low resistivity, and high trans-
mittance1–4. In particular, outstanding flexibility or stretchability of Ag NW electrode against substrate bending 
or stretching is one of key merits of the Ag NW network electrodes5–9. For those reasons, simply printed Ag NW 
network electrode have showed a potential as transparent and flexible electrodes in flexible displays, flexible touch 
screen panels, flexible photovoltaics, flexible sensors and flexible thin film heater (TFHs)10–20. In spite of attractive 
merits, the Ag NW films have critical drawbacks such as poor adhesion with flexible substrate, non-uniform 
topography, easy degradation under ambient conditions, and instability against static electricity. In particular, as 
discussed by Elechiguerra et al., Ag NW prepared by polyol method was sulidized by reduced-sulfur-containing 
gas (H2S) at ambient conditions21. In addition, the current constriction on Ag NWs led to the local melting of the 
Ag NWs or degradation of the flexible substrate during the Joule heating process of thin film heaters. To prevent 
sulfidation of Ag NWs in the atmosphere, organic or inorganic of passivation layers such as graphene, conducting 
oxide, conducting polymer, carbon nanotube and graphene oxide has been employed as transparent passivation 
layers22–30. Those transparent passivation layer improved connectivity of Ag NW and protected the Ag NW from 
reduced-sulfur-containing gas in ambient. Although several passivation layer have been studied, there are no 
reports on a tetrahedral amorphous carbon (ta-C) layer or hydrogen free carbon prepared by filtered cathode 
vacuum arc (FCVA) coating as a transparent and flexible passivation layer for the Ag NWs network electrodes. 
To obtain amorphous carbon (a-C) films with high degree of sp3 bonding, several deposition techniques have 
been suggested31,32. In particular, Mckenzie et al., denoted a-C as ta-C to distinguish form sp2 a-C. These ta-C 
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films have been grown using a wide variety of process including filtered cathodic vacuum arc (FCVA)-direct and 
pulsed source, pulsed laser ablation, mass selected ion beam deposition, and electron cyclotron wave resonance 
processes31–35. Among those techniques, the FCVA coated ta-C films has been known as an excellent coating 
materials for mechanical parts due to their interesting properties caused by high sp3 contents such as low friction 
coefficient (<0.1–0.25), high hardness (80 GPa), optical transparency, moderate conductance, atomically smooth 
surface and chemical stability36–50. Those attractive mechanical properties of the ta-C film is well apt for the pas-
sivation and protective layer of Ag NW network electrode in transparent and flexible TFHs.

In this work, we report on highly transparent and mechanical flexible ta-C passivation layer for Ag NW net-
work prepared by FCVA method at room temperature. The FCVA coated ta-C layer on Ag NW network act as an 
effective passivation layer against sulfidation and improved Ag NW-based TFHs. In particular, we investigated 
the effect of ta-C thickness on the electrical, optical and mechanical properties of Ag NW network electrodes 
to optimize the passivation thickness. Furthermore, we compared the performance and mechanical stability of 
TFHs with bare Ag NW and ta-C coated Ag NW electrodes to demonstrate potential of the FCVA coated ta-C 
passivation layer for high performance transparent and flexible TFHs.

Results
Figure 1a showed schematic fabricatrion process of flexible and transparent Ag NW network electrodes passi-
vated by a thin ta-C layer. Using commercial Ag NW ink and 700 mm wide roll to roll slot-die coater, we fabri-
cated transparent and flexible Ag NW network electrode on PET substrate as illustrated in left side of Fig. 1a. 
Then, ta-C passivation layer was directly coated on the slot-die coated Ag NW network electrode using lab-scale 
FCVA system. During FCVA coating process, a plasma beam with carbon-related macro-particles and neutral 
carbon is emitted from the cathodic arc spot on the carbon target. Photograph in Fig. 1a shows the arc plasma 
beam moving through the filter from the cathodic arc source. Figure 1b showed the schematic of ta-C coated 
Ag NW network electrode structure for transparent and flexible TFHs. Figure 1c demonstrated transparent and 
flexible TFH fabricated on ta-C passivated Ag NW electrode.

Figure 2a shows the sheet resistance of the Ag NW network electrodes passivated by FCVA coated ta-C layer 
with increasing thickness from 5 to 15 nm. As discussed in our previous works, the saturation voltage and tem-
perature of TFHs were critically dependent on the sheet resistance of transparent electrodes5. Therefore, to obtain 
higher performance of transparent and flexible TFHs, low sheet resistance of transparent electrode is very impor-
tant parameter. Compared to the bare Ag NW electrode with a sheet resistance of 40.51 Ohm/square, the ta-C 
coated Ag NW electrode showed decreased sheet resistance. Slightly reduced sheet resistance of ta-C coated Ag 
NW could be attributed to bridge effect of moderate conductive ta-C layer51. The 10 nm thick ta-C coated Ag NW 

Figure 1. (a) Schematics of slot-die coating of Ag nanowire network on 700 mm width PET substrate at room 
temperature and FCVA system for coating of ta-C passivation layer on the Ag NW network. Picture in FCVA 
system showed arc plasma beam. (b) Schematics of ta-C passivated Ag NW network electrode on PET substrate. 
(c) Transparent and flexible thin film heaters fabricated with ta-C coated Ag NW electrode.
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network electrode showed the lowest sheet resistance of 36.81 Ohm/square. However, further increase in thick-
ness of ta-C passivation layer led to increase of sheet resistance. In general, electrical properties of carbon-based 
materials such as graphite, diamond, amorphous carbon (a-C), nanotubes, fullerenes (C60), graphene, and ta-C 
largely affected by the hybridization state and ordering of the carbon-carbon bonds (i.e., sp, sp2, and sp3)52–54. 
In case of the FCVA coated ta-C films, it was reported that high sp3 content (~80%) in the ta-C films resulted in 
unique mechanical, optical and electrical properties55. Undoped ta-C films have been shown p-type semicon-
ducting properties and an optical bandgap 1–2.5 eV ranges43. Therefore, nano-scale thick ta-C films on Ag NW 
could act as bridge between Ag NWs and showed fairly high optical transmittance. Figure 2b shows equivalent 
resistance circuit diagram of bare Ag NW and ta-C/Ag NW electrodes, respectively. The higher sheet resistance of 
the bare Ag NW electrode can be understood using the equivalent resistance circuit diagram. In the bare Ag NW 
network electrode without ta-C passivation, some Ag NWs were only weakly connected or were disconnected, 
therefore, the bare Ag NW electrode showed a fairly higher sheet resistance due to existence of disconnected 
Ag NWs. However, the FCVA coated ta-C/Ag NW electrodes showed a decreased sheet resistance due to the 
bridge effect of the transparent and semiconducting ta-C passivation layer between disconnected Ag NWs as 
shown in Fig. 2b. Grierson et al., reported that ta-C film has moderate conductivity due the existence of trigonally 
bonded carbons53. Chen et al., also reported that the FCVA grown ta-c layer on ITO anode act as hole transport 
layer in organic light emitting diodes due to its p-type conductivity56. Fig. 2c shows the dependence of optical 
transmittance of the ta-C/Ag NW electrodes on the thickness of ta-C thickness at wavelength region between 
400 and 1200 nm. Bare Ag NW electrode showed an optical transmittance of 95.81% at a wavelength of 550 nm. 
However, the ta-C/Ag NW electrode showed slightly lower optical transmittance specially in visible wavelength 
region between 400 and 800 nm than bare Ag NW electrode due to absorption in the ta-C passivation layer. At 
the 15 nm thickness of ta-C layer, the ta-C/Ag NW electrodes showed optical transmittance of 76.14%. Therefore, 
to apply ta-C film as transparent passivation layer, it is desirable to optimize the thickness below 15 nm. The inset 
pictures demonstrated color and transparency of the bare Ag NW and ta-C/Ag NW electrodes with different 
ta-C thickness. Compared to bare Ag NW electrode, the ta-C coated Ag NW showed gray color. However, those 
transparency of the ta-C/Ag NW network electrode is acceptable to fabricate transparent and flexible TFHs. 
Figure 2d showed figure of merit (FOM) values of the ta-C/Ag NW network electrode with increasing ta-C thick-
ness. The FOM (=T10/Rsh) was calculated from sheet resistance (Rsh) and optical transmittance (T) of electrode at 
550 nm wavelength57. The FOM of the ta-C coated Ag NW network electrodes are less than FOM value (13 × 10−3 
Ohm−1) of the bare Ag NW network electrode due to the decreased optical transmittance. Therefore, we deter-
mined the optimal ta-C thickness as 10 nm to fabricate transparent and flexible TFHs. At optimized thickness 

Figure 2. (a) Sheet resistance of ta-C coated Ag NW network electrodes as a function of ta-C thickness.  
(b) Comparison of equivalent resistance circuit diagram for bare Ag NW and ta-C/Ag NW network electrodes. 
(c) Optical transmittance of ta-C/Ag NW/PET samples with different ta-C passivation thickness. Inset pictures 
showed the color and transparency of the ta-C coated Ag NW electrodes. (d) Calculated figure of merit (FOM) 
values obtained from sheet resistance (Rsh) and optical transmittance (T) of the ta-C/Ag NW films with 
increasing ta-C thickness.
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of the ta-C passivation layer, the ta-C/Ag NW/PET sample showed a sheet resistance of 36.83 Ohm/square and 
optical transmittance of 81.99%.

Figure 3 shows surface FESEM images of bare ta-C, bare Ag NW and ta-C coated Ag NW network electrodes 
prepared on PET substrates with increasing ta-C layer thickness. The surface FESEM image of the bare ta-C film 
showed a typical amorphous surface morphology without surface defects such as pin holes, cracks, and protru-
sions in Fig. 3a. Due to low process temperature of FCVA, the ta-C film exhibited a featureless surface morphol-
ogy. It was noteworthy that the ta-C coating on the Ag NW network did not affect on the surface morphology and 
connectivity of the Ag NW network. Due to very smooth surface morphology and conformable coating of the 
FCVA coated ta-C layer, the surface morphology of the ta-C coated Ag NW network electrodes Fig. 3c–e is iden-
tical to that of bare Ag NW network in Fig. 3b. It was clearly shown that Ag NW network was maintained without 
disconnecting or melting of junction region even after coating of ta-C layer due to low carbon ion energy during 
FCVA process. This fully covered ta-C layer on the Ag NW network could act as anticorrosion layer against 
sulfidation and protection layer against external force simultaneously during operation of Ag NW-based TFHs.

To investigate the feasibility of FCVA coated ta-C film as flexible passivation layer, we measured resistance 
change of ta-C coated Ag NW electrodes with decreasing bending radius. Figure 4 shows comparison of mechan-
ical flexibility of bare Ag NW and ta-C coated Ag NW network electrode with different thickness of the ta-C layer. 
Figure 4a showed the pictures of bending steps with decreasing bending radius in lab-made bending test system. 
The change in in-situ measured resistance of clipped samples can be expressed as (ΔR = R − R0)/R0, where R0 
is the initial measured resistance, and R is the in-situ measured resistance under outer and inner bending. By 
pressing both side of the clipped sample, we can adjust the bending radius as indicated by arrow. Figure 4b shows 
outer and inner bending test results with decreasing bending radius from 25 mm to 1 mm. The bare Ag NW 
network electrode showed a constant resistance change critical outer and inner bending radii, both 2 mm due to 
outstanding flexibility of Ag NWs network58–61. Fig. 4c–e shows outer and inner bending test results of the ta-C 
coated Ag NW electrodes with decreasing bending radius which is identical bending condition to the bare Ag 
NW electrode. In spite of coating of thin ta-C passivation layer, the ta-C/Ag NW electrodes showed identical or 
better flexibility to the bare Ag NW electrode due to very thin thickness of the ta-C layer and conformal coating 
on the Ag NWs. Below critical outer and inner bending radius, all ta-C/Ag NW electrodes regardless of ta-C layer 
thickness showed increased resistance change due to disconnection of the Ag NWs in network. Therefore, it was 
found that the passivation of the transparent ta-C layer on Ag NW did not change of mechanical flexibility of the 
Ag NW network and could be employed as flexible anticorrosion and protection layer on Ag NW network.

To investigate stability of ta-C/Ag NW network electrode against repeated bending cycles, we carried out 
dynamic fatigue test of bare Ag NW and ta-C coated Ag NW electrodes at a constant bending radius of 3 mm 
as shown in Fig. 5. The bending radius of 3 mm is acceptable value in highly flexible TFHs, which attached on 
curved surface or used as itself. Inset pictures in left panels shows the outer and inner bending steps during 
dynamic bending test. Figure 5a showed dynamic outer and inner bending test results of bare Ag NW network 
electrode as a function of bending cycles. Until 9,000 repeated cycles, there is no resistance change, indicating that 
maintaining of the Ag NW percolating network. However, above 9,000 cycles, the resistance of Ag NW electrodes 
showed slightly increased due to disconnection of Ag NWs or delamination of the Ag NWs from PET substrate. 
The surface FESEM images right side in Fig. 5a obtained from bare Ag NW electrode after 10,000 bending cycles 
showed the disconnected Ag NW as indicated by black arrows. In particular, the bare Ag NW electrode showed 
a larger resistance change under repeated tensile stress than compressive stress because tensile stress easily led 
to disconnection of the Ag NWs62,63. However, both dynamic outer and inner bending fatigue tests of the ta-C/
Ag NW samples showed no change in resistance even after 10,000 bending cycles regardless of ta-C thickness as 
shown in Fig. 5b–d. Compared to bare Ag NWs, the ta-C coated Ag NW network electrode has better stability 

Figure 3. Surface FESEM images obtained from (a) bare ta-C (10 nm)/PET, (b) bare Ag NW/PET (c) FCVA 
coated ta-C (5 nm)/Ag NW/PET (d) FCVA coated ta-C (10 mm)/Ag NW/PET, and (e) FCVA coated ta-C 
(15 nm)/Ag NW/PET.
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against for repeated bending cycles. Because the conformal coating of ta-C layer on the Ag NW could enhance 
adhesion of Ag NW on PET substrate, the ta-C coated Ag NW network electrode showed constant resistance 
change even after 10,000 times repeated bending cycles regardless of the ta-C thickness. The surface FESEM 
images obtained from the ta-C/Ag NW electrodes after 10,000 outer and inner bending cycles showed identical 
surface morphology to pristine sample. This outstanding stability of ta-C coated Ag NW can be attributed to the 
effect of ta-C passivation layer, which enhance the adhesion of the Ag NW network and reinforced the Ag NW 
against repeated external force.

To apply the ta-C coated Ag NW network as transparent electrode for TFHs, we fabricated the transparent 
and flexible TFHs on ta-C/Ag NW electrode with a size of 2.5 × 2.5 mm2 using a two-metal terminal side Ag 
contact configuration as shown is Fig. 6a. After preparation of ta-C coated Ag NW network electrode, the 100 nm 
thick Ag side metal contact was prepared by conventional DC sputtering by metals shadow mask. For heating of 
transparent and flexible TFHs, the DC voltage was directly supplied by power supply to the ta-C coated Ag NW 
electrode through DC sputtered Ag contact electrode at the film edge. Figure 6b show pictures of flexible and 
transparent TFHs fabricated on bare Ag NW and ta-C coated Ag NW electrode with increasing ta-C thickness. 
The curved TFHs demonstrated flexibility of ta-C coated Ag NW-based TFHs, which could be attached on curved 
surface. The temperature of TFHs was measured using a thermocouple directly mounted on the surfaces of TFHs 
and an IR thermal imager. In a black box, temperature of the transparent and flexible TFHs was measured with 
applying DC power with increasing voltage and time.

Figure 7 shows temperature profiles of transparent and flexible TFHs on bare Ag NW and ta-C/Ag NW net-
work electrode at different input DC power measured by thermocouples. Figure 7a is temperature profile of trans-
parent and flexible TFHs fabricated on bare Ag NW and ta-C/Ag NW electrodes with different ta-C thickness at a 
constant input voltage of 8 V. When DC voltage was supplied to the Ag NW-based TFHs, the temperature of the all 
TFHs gradually increased and reached the saturation temperature. Compared to saturation temperature (56 °C) 
of bare Ag NW-based TFH, the TFH with ta-C/Ag NW electrode showed higher saturation temperature due to 
lower sheet resistance. At a constant input DC voltage of 8 V, the TFH with ta-C (10 nm)/Ag NW electrode showed 
highest saturation temperature of 74.6 °C due to lowest sheet resistance of 36.83 Ohm/square. However, further 
increase of input DC voltage up to 10 V led to failure of Ag NW-based TFH due to disconnection of Ag NWs  

Figure 4. (a) Bending steps of flexible ta-C/Ag NW electrode in lab-bade bending test system with decreasing 
bending radius. Resistance change of (b) bare Ag NW, (c) ta-C (5 nm)/Ag NWs, (d) ta-C (10 nm)/Ag NW, and 
(e) ta-C (15 nm)/Ag NW electrodes with decreasing outer and inner bending radius. Insets show the schematics 
of curved sample experiencing tensile and compressive stress.
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during heating. Therefore, we can’t obtain the temperature profile of bare Ag NW based TFH at a input voltage 
of 10 V. The concentration of current on specific region of the Ag NW network led to melting and disconnection 
of Ag NW network and failure of Ag NW-based TFH. Figure 7b shows the temperature profiles of TFHs with the 
ta-C/Ag NW electrodes with different thickness of ta-C layer. The temperature of the TFHs with a ta-C/Ag NW 
electrode increased as shown in all of the temperature profiles at constant input DC voltage. When the DC voltage 
of 10 V was supplied to ta-C/Ag NW-based TFHs, the TFH with ta-C (10 nm)/Ag NW electrode reached at a sat-
uration temperature 100.4 °C, which is enough to evaporate water droplets or remove frost on the surface of TFH. 
However, the TFHs with 5 nm and 15 nm thick ta-C passivation layer did not reached at a temperature of 100 °C. 
It was noteworthy that the TFHs with ta-C (10 nm)/Ag NW showed the highest saturation temperature among 
the ta-C/Ag NW based TFHs due to lowest sheet resistance. Based on Joule’s law, we can correlate the sheet resist-
ance of ta-C/Ag NW electrode and the generated temperature of the TFHs. The main heat loss in TFHs could be 
attributed to conduction loss in the substrate, convection loss in air and radiation loss. In our TFHs samples, heat 

Figure 5. Dynamic outer and inner fatigue tests at a fixed bending radius of 3 mm for (a) Ag NW/PET, (b) ta-C 
(5 nm)/Ag NW/PET, (c) ta-C (10 nm)/Ag NW/PET, and (d) ta-C (15 nm)/Ag NW/PET samples. Inset pictures 
showed the outer and inner bending steps during dynamic bending test. In addition, surface FESEM images 
showed morphology and connectivity change after 10,000 cycles.
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loss due to conduction was negligible because the sample was prepared on insulating PET substrate. In addition, 
heat loss due to radiation was negligible below 100 °C due to the very low emissivity of the materials. Therefore, 
air convection is the main path of heat dissipation in the ta-C (10 nm)/Ag NW electrode-based TFHs5,57.

= ΔQconv V
R

t (1)

2

=
ΔT V t

Rh A (2)S

2

conv conv

In equations (1) and (2), Qconv is heat loss by convection, R is resistance of electrode, Δt is operation time, hconv 
is a convective heat transfer coefficient, Aconv is the surface area, and Ts and Ti are the saturation and initial tem-
perature, respectively. Based on equation (2), it in apparent that the saturation temperature of TFHs increase 
with increasing input DC voltage (V) and with decreasing resistance (R). Therefore, a lower sheet resistance of 
a ta-C/Ag NW is closely related to the higher saturation temperature of TFHs. To investigate durability of TFHs 
with Ag NW and ta-C/Ag NW electrodes, we performed repeated heating-cooling test for 10 cycles and kept 
the saturating temperature for 1 hour. In case of TFH with bare Ag NW electrode, the saturation temperature 
gradually decreased with increasing heating-cooling cycling as shown in Fig. 7c. During heating of TFH, the 
surface of Ag NWs are easily sulfidized by reduction of H2S and resistance of Ag NW network increased. Due 
to increased sheet resistance, the TFH with bare Ag NW electrode showed gradually decreased saturation tem-
perature. At constant DC voltage of 8 V, the saturation temperature also decreased with time due to resistance 
change of the Ag NW electrode as shown in Fig. 7d. Figure 7e shows the temperature profiles of the ta-C (10 nm)/
Ag NW electrode-based TFHs for repeated 10 cycles. Unlike TFH with bare Ag NW electrode, TFHs with ta-C 
coated Ag NW electrode showed an identical temperature profiles and easily reached at a saturation temperature 
of 100 °C when DC voltage of 10 V was applied. In addition, when the DC voltage of 10 V was supplied to the 
ta-C (10 nm)/Ag NW electrode-based TFHs for 1 hour, the TFHs keep a saturation temperature of 100 °C steady 
without temperature modulation as shown in Fig. 7f. The durability of transparent and flexible TFH with ta-C/
Ag NW electrode is attributed to the effective anticorrosion and passivation of ta-C layer on Ag NW network 
against sulfidation of Ag NWs. The conformal coating of ta-C layer on Ag NW effectively prevent the reduction of 
H2S with Ag NW. In addition, passivation of semiconducting ta-C layer led to bridge effect between Ag NWs and 
prevent the current concentration on specific Ag NWs. Therefore, combined effect of ta-C passivation improved 
the performance of transparent and flexible Ag NW-based TFHs. In addition, the low friction coefficient and 
high hardness of FCVA coated ta-C passivation layer improve the durability against external scratch or external 
impact63.

Figure 8a showed pencil (6 H) hardness test of TFHs with bare Ag NW and ta-C/Ag NW electrodes. After 
pencil test, the TFH with bare Ag NW electrode showed scratch as indicated by arrow due to poor adhesion of Ag 
NWs. However, there is no scratch on the TFH with ta-C coated Ag NW after pencil hardness test due to durabil-
ity and low fraction coefficient of ta-C passivation layer. Therefore, the TFH with bare Ag NW electrode was not 
work after pencil hardness teas as shown in Fig. 8b because the Ag NW electrode was completely disconnected by 

Figure 6. (a) Schematic fabrication process of the transparent and flexible TFHs on ta-C/Ag NW network 
electrode. Edge Ag contact electrodes effectively provide the external power into transparent electrode. (b) 
Pictures of curved TFHs on bare Ag NW and ta-C/Ag NW electrodes with different ta-C thickness.
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scratch. However, the TFH with ta-C/Ag NW electrode showed same performance even after pencil hardness test 
because the ta-C layer effectively prevent the scratch. Due to reliability and durability of TFHs with ta-C/Ag NW 
electrode, the transparent and flexible TFHs with ta-C/Ag NW could be used as smart window for automobiles 
and smart house. As shown in Fig. 8c, the smart window equipped with ta-C/Ag NW based transparent TFHs in 
smart house could easily remove the frost on the window during winter. Therefore, the ta-C/Ag NW hybrid film 
is promising transparent and flexible electrode for high performance TFHs due to its low sheet resistance, high 
optical transmittance, outstanding flexibility and hardness for external force.

Discussion
We demonstrated that highly stable Ag NW electrode passivated by transparent ta-C layer for high performance 
transparent and flexible TFHs. The thickness effect of FCVA coated ta-C film on the electrical, optical, and 
mechanical properties of Ag NW electrode was investigated in detail to optimize the thickness of the ta-C layer. 
Due to bridge effect of FCVA coated ta-C film, the ta-C/Ag NW electrode showed lower sheet resistance than bare 
Ag NW electrode. At optimized thickness (10 nm) of ta-C passivation layer, the ta-C/Ag NW electrode showed a 

Figure 7. Temperature profiles of transparent and flexible and TFHs with bare Ag NW and ta-C/Ag NW 
electrodes at different DC input power of (a) 8 V and (b) 10 V. Inset IR image showed the thermal uniformity of 
TFH of bare Ag NW and ta-C/Ag NW electrode. (c) Repeated temperature of TFHs with bare Ag NW electrode 
and (d) temperature profile when a constant DC voltage of 8 V was supplied to the Ag NW electrode for 1 hour. 
(e) Repeated temperature profile of TFHs with ta-C (10 nm)/Ag NW electrode and (f) constant temperature 
profile when the DC voltage of 10 V was supplied to the ta-C (10 nm)/Ag NW electrode based TFHs for 1 hour.
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sheet resistance of 36.83 Ohm/square and optical transmittance 81.99%. In addition, we investigated the mechan-
ical integrity of ta-C/Ag NW electrodes based on lab-made bending test system. In spite of existence of the ta-C 
passivation layer, the ta-C/Ag NW electrode showed outstanding mechanical flexibility due to improved adhesion 
of Ag NWs. In particular, the TFHs fabricated on ta-C/Ag NW exhibited better performance and stability than 
the TFHs on bare Ag NW electrode due to the effective current spreading through the ta-C layer and passivation/
anticorrosion effect of the ta-C layer. Effective heat generation performance and durability of the TFH with ta-C/
Ag NW electrode indicates that FCVA coated ta-C passivation is promising passivation layer in Ag NW electrode 
to obtain high performance Ag NW based transparent and flexible TFHs.

Methods
Slot-die coating of Ag NW percolating network electrodes. Uniformly coated Ag NW percolating 
network films were prepared on a 700 mm wide PET substrate at room temperature using pilot-scale roll-to-roll 
(RTR) slot die coater (DKT 2015-R1-SHU500) as reported in our previous work64. The RTR slot die coating sys-
tem consisted of ink tanks, a slot die coating zone, UV treatment zone. Then Ag NW coated films were moved to 
the heating zone (120 °C) by means of unwinding and rewinding at a roller speed of 2 m/min. After coating the Ag 
NWs, an over-coating layer was coated on the Ag NW layers to protect their degradation.

Coating of ta-C passivation layer by FCVA. The ta-C passivation layer was directly deposited on the 
slot-die coated Ag NW network electrode using single-cathode of FCVA system65. The vacuum arc source with 
a T-shaped filter is attached to the bottom side of the coating chamber. A magnetic solenoid is used in the FCVA 
system to separate charged carbon ions from neutral atoms and macro- or micro-particles. A carbon target of 
55 mm diameter and 99.99% purity is mounted on the bottom right side of the chamber. Those macro-particles 
and neutral carbon could be filtered out by a T-shaped filter. Therefore, only carbon with controlled energy range 
ions will be deposited on flexible substrate. The magnetic coil current is fixed to 5 A. The substrate holder was 
placed horizontally on a sample carrier for high-speed coating at a working pressure of 1 × 10−5 Torr without 
intentional substrate heating. A duct bias of 20 V and a substrate bias of 500 V were applied during the deposition. 
The Ar gas flowed at a rate of 2 sccm for stable arc plasma generation. The thickness of ta-C passivation was con-
trolled by deposition time from 40 and 170 s.

Figure 8. (a) Comparison of pencil hardness test of bare Ag NW and ta-C/Ag NW electrode for TFHs. Arrow 
indicates the scratch of the Ag NW after pencil test. (b) IR images of TFHs with Ag NW and ta-C/Ag NW 
electrode after pencil test. (c) Promising application of transparent TFHs in smart house.
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Characterization of ta-C/Ag NW electrodes. Sheet resistance of the ta-C coated Ag NW network elec-
trodes and bare Ag NW electrodes were measured using a four point probe as a function of ta-C thickness. 
The optical transmittance of the ta-C coated Ag NW was measured by using a UV/visible spectrometer in a 
wavelength region between 200 and 1200 nm. The surface morphology of ta-C passivation layer on the Ag NW 
was examined using field emission scanning electron microscopy (FESEM) with increasing ta-C thickness. The 
mechanical flexibility of ta-C coated Ag NW and bare Ag NW electrodes were compared by lab-made bending 
test results. The resistance change (ΔR) of the ta-C coated Ag NW electrode during inner and outer bending was 
measured with decreasing bending radius to decide critical bending radius. In addition, dynamic fatigue tests of 
the ta-C coated Ag NW electrode was carried out at a fixed bending radius of 3 mm and a frequency of 1 Hz for 
10,000 cycle to show the mechanical stability of the ta-C coated Ag NW electrodes.

Fabrication and evaluations of the TFHs. To investigate the feasibility of FCVA coated ta-C passivation 
layer, flexible and transparent TFHs were fabricated on ta-C/Ag NW and bare Ag NW electrodes with a size of 
2.5 × 2.5 mm2. For effective power supply on TFHs, 100 nm thick Ag metal side contact were fabricated on the 
side of transparent electrode (ta-C/Ag NW and Ag NW) using DC magnetron sputtering at a constant DC power 
of 100 W applied to a 3-inch Ag target at a Ar flow rate of 20 sccm and a working pressure of 3 mTorr. To generate 
heat on the TFHs, DC voltage was supplied by a power supply (OPS 3010, ODA technologies) into the TFHs 
through an Ag contact electrode. The temperature of the transparent and flexible TFHs samples was measured 
by thermocouple as a function of time. After the temperature profile was obtained, an infrared (IR) image was 
obtained in order to demonstrate uniformity of the temperature of the TFHs using IR thermal imager (A35sc, 
FLIR).
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