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Abstract

We demonstrate plasma-treated AgNWs as ﬂexible transparent electrode materials with
enhanced long-term stability against oxidation even in a high humidity environment (80%
humidity, 20 °C). Through a simple ﬂuorocarbon (C4F8 or C4F6) plasma treatment method, a
CxFy protective polymer was sufﬁciently cross-linked and attached on the surface of the AgNWs
strongly and uniformly. Even though C4F8 and C4F6 activate differently on the AgNW surface
due to the different dissociated radicals formed in the plasma, it was found that the CxFy
protective polymers obtained by both chemicals work similarly as a protective layer for
transparent conductive electrodes; a nearly constant sheet resistance ratio (Rs/Ro) of 1.6 was
found for AgNWs treated with C4F8 and C4F6 plasmas, while the AgNWs without the plasma
treatment exhibited a ratio of 176.2 after 36 d in a harsh environment. It is believed that the
ﬂuorocarbon plasma treatment can be used as a key method for ensuring long-term oxidation
stability in numerous electronic applications including ﬂexible solar cells utilizing various types
of metallic nanowires.
Supplementary material for this article is available online
Keywords: silver nanowire, transparent electrode, plasma treatment, oxidation resistive,
hexaﬂuoro-1,3-butadiene, octaﬂuorocyclobutane, plasma polymers
SQ1

(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

shown good optical transparency, electrical performance
close to that of ITO, and good ﬂexibility [10]. However, metal
nanoscale networks such as AgNWs, copper NWs, and aluminum NWs have low resistance to oxidation and low stability in harsh environments, which can cause performance
degradation and device failure [11–15]. The ease of oxidation
and atmospheric corrosion impedes practical applications of
AgNWs by dramatically reducing their conductivity [16, 17].
The presence of surface oxides on metal networks with
nanoscale diameter has an especially severe impact due to the
substantial increase in surface area, causing increases in the
sheet resistance and haziness. This decreases the electrical
conductivity of NW-based transparent electrodes and negatively impacts the overall device performance [18, 19]. In the
case of solar cells with AgNWs as the top transparent electrode, it is known that the cell characteristics are seriously
affected by the environment surrounding the solar cells due to

Transparent conductive materials, which make electrical
contact with the active layer and provide a pathway for
incident light, are a vital component of modern optoelectronic
devices such as solar cells, light-emitting diodes (LEDs), and
touch panels [1–4]. Traditionally, indium tin oxide (ITO) has
been widely used in various types of transparent electrodes
for optoelectronic devices because of its excellent optical
transmittance (∼90% at 550 nm) and low sheet resistance
(∼20 Ω sq−1) [5, 6]. However, ITO thin ﬁlms are too brittle to
be used for ﬂexible applications, require high deposition
temperatures, and are expensive to produce [7]. Among
several alternative materials, metal nanowires (NWs), such as
silver nanowires (AgNWs), are attractive alternatives to
conventional ITO ﬁlms and a promising transparent electrode
material [8, 9]. Randomly distributed AgNWs have already
0957-4484/19/000000+10$33.00
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Figure 1. Schematic illustration of the spray coating of AgNWs onto glass substrates and plasma treatments using a C4F6 plasma and a C4F8

plasma.

the formation of Ag2O or Ag2S on the AgNW surface
[20–22]. In this regard, one of the key issues facing highperformance AgNWs is the prevention of undesirable changes
in the properties of the AgNWs and the maintenance of their
electrical properties under ambient conditions [23, 24].
In order to improve the oxidation resistance and longterm stability of AgNWs, several approaches have been
proposed to prevent the AgNW surfaces from being exposed
to ambient conditions [25–28]. To maintain their optical
transparency and good electrical conductivity, many
researchers are investigating hybrid AgNW-based transparent
conductive electrodes wrapped by the polymer polyvinylpyrrolidone, graphene, reduced graphene oxide, or other
materials. Moreover, the coating of AgNWs with transparent
materials such as aluminum-doped zinc oxide (AZO) or ZnO
using low-temperature deposition processes, such as sputtering or atomic layer deposition, has recently been investigated
[29–33].
Plasmas have been used in various processes such as
surface treatments, etching, and deposition in order to dissociate the gases, increase the reactivity of the gases by
forming radicals, and to modify the material surfaces. In
particular, ﬂuorocarbon plasmas have been used to etch silicon-based semiconductor materials and also to polymerize
material surfaces. By dissociation of the stable ﬂuorocarbon
gas and recombination of the dissociated and unsaturated
ﬂuorocarbon radicals on the surface, a dense and uniform
ﬂuorocarbon layer is known to be formed on the surface of
the material. As one of the methods for controlling the longterm oxidation stability of AgNWs, plasma processing can be
an obvious alternative for coating oxidation-resistant materials onto NWs because it is easily applicable to commercial
manufacturing due to its high reliability, uniform and largearea processing, and high processing rate. In fact, various
plasma treatments on various NWs have been previously
investigated for controlling the work function and removing
surfactant materials on NWs, among other uses [34–39].

In the present work, we demonstrate the formation of
oxidation-resistant, high-quality AgNW networks by treating
the AgNW surface with plasmas. Speciﬁcally, CxFy polymers
were introduced to protect AgNWs from oxidation, which is
critically important for maintaining low sheet resistance even
under ambient conditions. By forming a dense and transparent
polymer layer on the AgNW surface, the AgNW surface
could be successfully protected against oxygen and moisture
in the environment while maintaining optical transmittance
and without using expensive materials and processes. It is
believed that the plasma polymerization method investigated
in this study can be applied to other metal NWs and has
signiﬁcant potential as an easy, fast, uniform, and large-area
method.

2. Experimental section
The AgNWs used in this study were supplied by Nanopyxis
with a diameter and length of ∼20 nm and ∼60 μm,
respectively, and were prepared in a solution diluted with
isopropyl alcohol (IPA, 1 wt%). The solution was further
diluted with one part of AgNW solution to nine parts of IPA
(Duksan Pure Chemicals). Prior to spraying the AgNW
solution onto glass substrates, the substrates were ultrasonically cleaned in acetone, alcohol, and deionized water for
15 min each and were then blown dry. The AgNWs were
sprayed uniformly using a spray gun (Sparmax-GP 35) onto
25 mm×25 mm cleaned glass substrates attached to an X–Y
stage (30 cm×30 cm) while the stage was heated to about
50 °C to remove the solvent easily.
Figure 1 shows a schematic diagram of the procedure for
forming plasma-treated, highly oxidation-resistant AgNW
electrodes. The distance between the substrate and the spray
gun was ﬁxed at 20 cm. The density and uniformity of the
AgNWs on the glass substrate were controlled by the number
of spray cycles used to deposit the AgNWs and by measuring
2
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3. Results and discussion

the optical transmittance of the AgNW-coated glass substrate.
The sheet resistance of the sprayed AgNW networks on the
glass substrates was maintained at ∼20 Ω sq−1 and their
optical transmittance was ∼80% at 550 nm. The AgNW
networks on the glass substrate were then plasma-treated to
form CxFy polymers with a 60 MHz (VHF) capacitively
coupled plasma (CCP) system operating with a constant
power of 150 W. The polymerization gases, c-C4F8 (octaﬂuorocyclobutane-ﬂuorocarbon molecules with circular
structure) and 1,3-C4F6 (hexaﬂuoro-1,3-butadiene-ﬂuorocarbon molecules with straight chain structure), were used at
gas ﬂow rates of 80 sccm, an operating pressure of 30 mTorr,
and at a temperature of 20 °C.
The AgNWs will be slowly oxidized by oxygen and
moisture in the natural atmosphere; therefore, a series of
aging experiments were carried out in environmental conditions expected to accelerate the oxidation process (80%
humidity and 20 °C). The samples were exposed to these
accelerating conditions for a period of up to 36 d.
To evaluate their electrochemical stability, the sheet
resistances of the 25 mm×25 mm AgNW samples were
measured periodically with a 4-point probe (CMT-SR2000N)
every 3 d. The optical transmittance was measured with an
ultraviolet–visible spectrophotometer (UV-3600 Shimadzu)
after the baseline for the spectroscopy was set by scanning a
clean glass substrate. The haze values were measured with a
haze meter (BYK-Gardner haze-gard i). The plasma-treated
AgNWs were examined by ﬁeld emission scanning electron
microscopy (SEM, S-4700 Hitachi). The surface morphologies and root mean square roughness of the pristine and
plasma-treated AgNWs were measured by atomic force
microscopy (AFM, E-sweep Nano Navi) in the tapping mode.
In order to investigate the adhesion of the plasma-treated
AgNWs, a piece of 3 M scotch magic tape was attached to the
AgNW samples and detached. After the plasma processing,
the composition and chemical binding states of the ﬂuorocarbon polymer layer were investigated by x-ray photoelectron spectroscopy (XPS, ESCA2000 VG Microtech Inc.),
and narrow scans of the C 1 s, O 1 s, and Ag 3 s binding states
were obtained after treatments with a C4F8 plasma and a C4F6
plasma. The structure of the plasma-treated AgNWs was
determined by x-ray diffraction (XRD, D8 ADVANCE Bruker Corp). The modiﬁcation of AgNW surfaces by the plasmas was investigated by Fourier transform infrared (FT-IR,
ALPHA Bruker Corp) spectroscopy; infrared spectra were
obtained between 4000 and 400 cm−1 in the attenuated total
reﬂection mode. A quadrupole mass spectrometer (QMS,
PSM003 Hiden analytical Ltd) attached to a chamber wall
was used to investigate dissociated species of CxFy from the
C4F8 and C4F6 plasmas. The water contact angles of the
AgNWs before and after coating with ﬂuorocarbon plasmas
were measured using a contact angle analyzer (Phoenix
450 SEO).

To passivate the AgNWs, the AgNW electrodes formed on
glass substrates were exposed to ﬂuorocarbon plasmas of
C4F8 (80 sccm) or C4F6 (80 sccm) at 30 mTorr and with a
60 MHz (VHF) power source. The plasma system and a
schematic drawing of the surface treatment with dissociated
CxFy radicals are shown in ﬁgure S1 is available online at
stacks.iop.org/NANO/0/000000/mmedia (online supplementary information). The effect of RF power (at a ﬁxed
treatment time of 30 s) and surface treatment time (at an RF
power of 150 W) on the optical transmittance at 550 nm
(black), haziness (blue), and sheet resistance (red) of the
surface-treated AgNW electrode are shown in ﬁgures 2(a) and
(b), respectively. As shown in ﬁgure 2(a), at an RF power of
150 W, the optical transmittance values measured at 550 nm
were similar to that of the reference sample. However,
increasing the RF power to 350 W slightly decreased the
optical transmittance from ∼80% to ∼75% for both C4F6 and
C4F8. The haziness and sheet resistance were also similar to
those of the reference sample at an RF power of 150 W;
however, increasing the RF power to 350 W increased the
sheet resistance from ∼9 to ∼10.5 Ω/sq for both C4F6 and
C4F8-treated samples and increased the haziness slightly from
∼1.2% to ∼1.5% for C4F8 and signiﬁcantly to ∼2.1% for
C4F6. When the surface treatment time was varied from 15 to
90 s while keeping the RF power at 150 W, as shown in
ﬁgure 2(b), the optical transmittance measured at 550 nm,
sheet resistance, and haziness were similar to those of the
reference sample until 60 s. However, when the surface
treatment time was further increased to 90 s, those values
signiﬁcantly varied from ∼80% to ∼70% for optical transmittance, from ∼1.2% to ∼2.5% for haziness, and from ∼9 to
∼12 Ω/sq for sheet resistance, similarly for the C4F6 and
C4F8-treated samples. When C4F6 and C4F8 were compared,
the C4F8-treated AgNWs generally showed a higher optical
transmittance, lower haziness, and lower sheet resistance
compared to the C4F6-treated AgNWs at the same treatment
time. Furthermore, an RF power of 150 W and treatment time
of 30 s were identiﬁed as the optimal surface treatment
conditions.
Figures 2(c) and (d) show the optical transmittance
spectra for the wavelength range from 400 to 1000 nm and
optical pictures of AgNWs/glass substrates before and after
surface treatment with C4F8 and C4F6, respectively. The
AgNWs/glass substrates were surface-treated at an RF power
of 150 W for 30 s. As shown in ﬁgure 2(c), even though the
optical transmittance values at 550 nm were similar for C4F8
and C4F6, the C4F6-treated AgNW/glass substrate showed a
lower transmittance at shorter wavelengths and a higher
transmittance at longer wavelengths after the surface treatment and, therefore, showed a slightly yellowish color compared to the untreated AgNWs/glass substrate, as shown in
ﬁgure 2(d). In the case of C4F8, the optical transmittance
spectrum and color of the C4F8-treated AgNWs/glass substrate were similar to those of the untreated AgNWs/glass
substrate.
3
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Figure 2. AgNWs before and after the C4F8 and C4F6 plasma treatments. Haziness, sheet resistance, and optical transmittance of plasmatreated AgNWs on glass substrates as a function of (a) plasma source RF power for 30 s of plasma treatment time and (b) the plasma
treatment time for 150 W of RF power. (c) Optical transmittance of AgNWs/glass substrate measured as a function of wavelength for
AgNWs/glass substrate treated with C4F6 plasma and C4F8 plasma for 30 s. (d) Optical images of AgNWs/glass substrates before and after
the treatment with C4F6 plasma and C4F8 plasma for 30 s.

For plasmas using ﬂuorocarbon gases such as C4F8 and
C4F6, the C/F ratio in the gas molecule determines the
deposition rate of the ﬂuorocarbon layer on the material
surface. When the ﬂuorocarbon gas has a higher C/F ratio, a
thicker polymer layer is formed on the material surface.
C4F6-based gas tends to generate more high-molecular weight
radicals that act as polymer-rich precursors in the plasma
compared to C4F8-based gas, due to a higher C/F ratio
[40–42]. Therefore, the C4F6 plasma tends to form a thicker
polymer layer on the AgNW/glass substrate compared to the
C4F8 plasma due to the higher C/F ratio. However, even
though the polymer layer is thin, a uniform blanket-type
deposition of the polymer layer is observed for C4F8, while a
thicker and more speciﬁc growth of a polymer layer around
the AgNW surface is shown for C4F6, in ﬁgures 4(e) and (f),
respectively. The differences in the morphology of the
deposited ﬂuorocarbons on AgNWs are believed to be due to
the differences in the growth mechanism of the polymer layer
on AgNW between the C4F8 plasma and C4F6 plasma.
To investigate the possible differences in the growth
mechanisms of the polymer layer on AgNWs for C4F8 plasma
and C4F6 plasma, the AgNWs treated with C4F6 and C4F8 for
30 s were analyzed with XRD and XPS. Figure 5(a) shows
the XRD patterns of AgNWs before and after the treatment
with C4F8 plasma and C4F6 plasma. As shown in the ﬁgures,
intensity peaks related to the (111), (200), (220), and (311)
planes could be identiﬁed at 2θ=38.1°, 44.3°, 64.5°, and

To investigate the differences between the C4F8 and C4F6
surface treatments, the AgNW electrodes treated with C4F8
and C4F6 for different times up to 120 s were examined using
SEM and the results are shown in ﬁgures 3(a)–(d) for C4F8
and ﬁgures 3(e)–(h) for C4F6. As shown in ﬁgures 3(a)–(d),
the morphology of the AgNWs did not change signiﬁcantly
even though the AgNWs were treated with C4F8 plasma for
120 s. However, as shown in ﬁgures 3(e)–(h), the thickness of
the AgNWs treated with C4F6 increased signiﬁcantly with
increasing treatment time, even after a treatment time of 15 s.
Cross-sections of the AgNWs treated with C4F8 and C4F6
for 30 s at 150 W were observed using SEM and the results
are shown in ﬁgures 4(a) and (b), respectively. As shown in
ﬁgures 4(a) and (b), in the case of C4F8, the polymer layer
uniformly covered the AgNWs and glass substrate like a
blanket; and, the size of the AgNWs did not increase signiﬁcantly with increasing treatment time. On the contrary, in
the case of C4F6, the polymer grew around the AgNWs,
therefore, the diameter of the AgNWs was signiﬁcantly
increased with increasing treatment time. Figures 4(c) and (d)
show AFM images of the same locations before and after the
surface treatment for 30 s at 150 W for C4F8 and C4F6,
respectively. As shown in the images, no signiﬁcant change in
the diameter of the AgNWs was observed for C4F8 while
signiﬁcant changes in the diameter of the AgNWs were
observed for C4F6 at the same locations, similar to the SEM
images shown in ﬁgure 3.
4
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Figure 3. SEM images of AgNWs before and after the plasma treatments with C4F6 plasmas and C4F8 plasmas. (a) Pristine AgNWs, and
AgNWs treated with C4F8 plasma for (b) 30 s, (c) 60 s, and (d) 120 s. AgNWs treated with C4F6 plasma for (e) 15 s, (f) 30 s, (g) 60 s, and
(h) 120 s.

ﬁgure S2 (online supplementary information). Two peaks in
the Ag 3d spectra located at 368.2 and 374.3 eV in ﬁgure 5(b)
are related to the electron binding energies from the Ag 3d5/2
and Ag 3d3/2 orbitals, respectively. After the plasma treatments, the Ag binding peak intensities were decreased for
both C4F8 and C4F6, but more signiﬁcantly for the C4F6
plasma-treated AgNWs due to the thicker polymer layer
formed around the AgNWs. As shown in ﬁgures 5(d) and (e),
due to the formation of a ﬂuorocarbon polymer layer on the

77.4°, respectively, based on the Joint Committee on Powder
Diffraction Standards, but no differences in signal intensities
were observed before and after the plasma treatments, indicating no change in the AgNW structure after the plasma
treatments. Figures 5(b)–(e) show XPS narrow scan data of
the Ag 3d, C 1 s, O 1 s, and F 1 s peaks, respectively, before
and after the plasma treatments. The XPS survey spectra and
atomic composition of C, F, O, and Ag on the surfaces of
AgNWs before and after the plasma treatments are shown in
5
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Figure 4. Cross-sectional SEM images of AgNWs after the plasma treatment with (a) C4F8 for 30 s and (b) C4F6 for 30 s. Planar SEM images
of AgNWs are also shown in the inset. AFM images of AgNWs after the plasma treatment with (c) C4F8 for 30 s and (d) C4F6 for 30 s.
Cartoons of the possible ﬂuorocarbon formation mechanism on AgNW surface for (e) C4F8 plasma and (f) C4F6 plasma.

AgNWs, C–F binding peaks and ﬂuorine peaks were
observed after the plasma treatments with C4F8 and C4F6.
Compared to the C4F8 plasma-treated AgNWs, the C4F6
plasma-treated AgNWs showed a more dominant binding
peak related to C–F/C=O in the C 1 s spectra, as shown in
ﬁgure 5(d). Especially in the case of the oxygen binding
peaks shown in ﬁgure 5(c), binding peaks related to metal
carbonates/C–O and C=O were also observed for the C4F6
plasma-treated AgNWs, while no such peaks were observed
for pristine AgNWs or C4F8 plasma-treated AgNWs. In the
case of the Ag binding peaks, due to the small differences
between the binding energies of Ag 3d5/2 for oxides/carbonates, that is, Ag (368.2 eV), AgO (367.6 eV), Ag2O

(367.9 eV), and Ag2CO3 (367.7 eV), the existence of oxide
and metal carbonates could not be determined.
The formation of C=O bonds in the C4F6 plasma-treated
AgNWs could be also identiﬁed using FT-IR spectroscopy.
As shown in ﬁgure 5(f), both C4F6 and C4F8 plasma-treated
AgNWs showed absorption peaks related to CFx
(1000–1350 cm−1) and COF2 (774 and 1944 cm−1). However, the C4F6 plasma-treated AgNWs showed an additional
C=O absorption peak (1730 cm−1) as well as a higher CFx
absorption peak. (The differences of FT-IR data between
C4F8 and C4F6 plasmas could be also from the thickness
differences between the polymer thickness deposited by C4F8
plasma and C4F6 plasma. However as shown in ﬁgure 5(f),
the FT-IR data observed for C4F8 plasma-treated AgNWs for
6
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Figure 5. (a) XRD patterns of AgNWs before and after the plasma treatment with C4F8 and C4F6 for 30 s. XP spectra of AgNWs before and
after the plasma treatment with C4F8 and C4F6 for 30 s; (b) Ag 3d, (c) O 1 s, (d) C 1 s, and (e) F 1 s. (f) FT-IR spectra of AgNWs before and
after the plasma treatment with C4F8 and C4F6 for 30 s. (g) QMS data measured for C4F8 and C4F6 plasma at an RF power of 150 W.

60 s also showed the similar trend as those treated for 30 s,
therefore, the differences of FT-IR data between C4F8 plasma
and C4F6 plasma were not related to the polymer thickness.)
The C–O/C=O bonds observed by XPS and FT-IR for the
C4F6 plasma-treated AgNWs indicate stronger binding of the
AgNWs with ﬂuorocarbon radicals from the C4F6 plasma
(that is, the binding of oxygen on the AgNW surface with
carbon in the ﬂuorocarbon radicals from the C4F6 plasma).
The differences in the ﬂuorocarbon radicals generated in
the C4F8 and C4F6 plasmas were observed using QMS and the
results are shown in ﬁgure 5(g). As shown in ﬁgure 5(g), the
C4F6 plasma contains more highly reactive ﬂuorocarbon
radicals such as CF, CF2, and CF3 compared to the C4F8
plasma. Therefore, it is believed that due to the presence of
more and highly reactive radicals in the C4F6 plasma, a thick
ﬂuorocarbon polymer layer grows around the AgNWs with
strong chemical bonds between the ﬂuorocarbon radicals and

the AgNW surface, while the C4F8 plasma forms a thin and
uniform blanket-type polymer layer on the AgNW/glass
substrate surface [43–46].
Using the AgNW/glass substrates treated by C4F6 and
C4F8 plasmas for 0–30 s with 150 W of RF power, the
resistivity change of the AgNWs by oxidation was investigated. For oxidation tests, the AgNWs were placed in a harsh
environment (temperature of 20 °C and humidity of 80%).
The change in the AgNW sheet resistance was measured
every 3 for 36 d and the results are shown in ﬁgures 6(a) and
(b). As shown in ﬁgure 6(a), the resistance of the pristine
AgNWs increased signiﬁcantly (an increase of ∼176.2 times)
after 36 d in the harsh environment due to the oxidation of the
AgNWs. However, after the plasma treatments, the increase
in the resistance of the AgNWs was smaller due to the
ﬂuorocarbon polymer layer on the AgNW surface, which
protected the AgNW surface from the harsh environment.
7
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Figure 6. (a) and (b) Oxidation stability of pristine AgNWs and the AgNWs treated with C4F8 and C4F6 plasmas in accelerating
environmental conditions (humidity 80% and 20 °C) to speed up the oxidation. SEM images of AgNWs (c) pristine, (d) after 30 s of C4F8
plasma treatment, (e) after 30 s of C4F6 plasma treatment. (f)–(h) Show SEM images of the AgNWs in (c)–(e), respectively, after exposure for
36 d under 80% humidity and 20 °C.

Particularly, when the plasma treatment time was 30 s, no
signiﬁcant change in the AgNW sheet resistance (an increase
of ∼1.6 times) after 36 d was observed, as shown in
ﬁgure 6(b). This is possibly due to the encapsulation effect for
both AgNW/glass substrates treated by C4F6 and C4F8. When
the pristine AgNWs and those treated with C4F6 and C4F8
plasmas for 30 s were observed by SEM after 36 d in the
harsh environment, the pristine AgNWs showed broken
AgNW junctions due to oxidation as shown in ﬁgures 6(c)
and (f), while the AgNWs treated with C4F6 and C4F8 plasmas for 30 s showed NW junctions that remained unbroken as
shown in ﬁgures 6(d) and (g) for C4F8 and ﬁgures 6(e) and (h)
for C4F6. For the AgNWs treated with the C4F6 plasma or the
C4F8 plasma, even though some corrosion was observed on
the AgNW surfaces, the AgNW junctions were preserved due
to the protection of the AgNW surfaces by the ﬂuorocarbon
polymer layer. Therefore, even though the plasma treatment
conditions and properties of the deposited polymer layers
were different, sufﬁcient oxidation protection of the AgNWs
could be achieved for both C4F8 and C4F6 plasmas by treating
for 30 s.
For the AgNW/glass substrates, before and after the
plasma treatments with C4F6 and C4F8 for 30 s, the degree of
adhesion was investigated using the 3 M tape peel-off and the
results are shown in ﬁgures 7(a)–(c) for pristine AgNWs,
C4F6 plasma-treated AgNWs, and C4F8 plasma-treated
AgNWs, respectively, (the left side shows SEM images after
peel-off, right side shows AgNWs as-is). For the AgNW peeloff test, 3 M tape was attached ﬁrmly on the AgNW/glass
substrates, including those treated with C4F6 plasma and C4F8
plasma. The 3 M tape was then peeled-off with tweezers at an
angle of ∼180°. As shown in the ﬁgures, in the case of
pristine AgNWs, the AgNWs were easily detached from the
substrate by the peel-off test, whereas the plasma-treated
samples remained almost intact, indicating stronger adhesion
to the glass substrate after the plasma treatments. Therefore,
after the plasma treatments with C4F6 and C4F8 for 30 s,
improved adhesion of AgNWs on the glass substrate could be
achieved in addition to the improved oxidation resistance. In
fact, one may think that better adhesion result obtained with
CxFy coated AgNWs compared to AgNWs itself may not be
from the improved adhesion of AgNWs to substrate by the

CxFy polymer but from the antiadhesive behavior of CxFy
polymer such as Teﬂon to the Scotch tape during the Scotch
tape test (see ﬁgure S3, online supplementary information).
However, even if the CxFy polymers do not have signiﬁcant
adhesion strength to the AgNWs and the substrate, the Scotch
tape test showed no peeling-off for the AgNWs coated with
CxFy indicating that the AgNWs stayed on the substrate due to
the CxFy coating. Therefore, compared to the adhesion of
AgNWs to the substrate itself, the adhesion of CxFy to
AgNWs and the substrate was higher and, eventually,
improved adhesion of AgNWs to the substrate.
When the electrical, optical, chemical, and mechanical
characteristics are considered, AgNWs treated with C4F8
plasma at the optimized conditions of 150 W of RF power and
30 s of surface treatment time showed better characteristics
due to their lower sheet resistance, higher optical transmittance, and lower haziness compared to C4F6-treated AgNWs,
while AgNWs treated with either plasma showed similar
corrosion protection and adhesion characteristics.

4. Conclusions
In conclusion, oxidation-resistant hybrid AgNWs were fabricated without sacriﬁcing their transparency and sheet
resistance using C4F8 or C4F6 plasma treatments. Increasing
the plasma treatment time up to 60 s (the optimized time was
30 s) with 150 W of RF power did not signiﬁcantly change
the sheet resistance, haziness, or optical transmittance of the
AgNWs, while further increases in the plasma treatment time
did increase the sheet resistance/haziness and decreased the
optical transmittance signiﬁcantly. The ﬂuorocarbon polymer
layer on the AgNWs treated by a C4F6 plasma was thicker
and formed around the AgNWs, while a thin and uniform
blanket-type ﬂuorocarbon polymer layer was formed on the
AgNW/glass substrate surface by the C4F8 plasma. However,
the oxidation resistance after the plasma treatment for 30 s
was similar and sufﬁciently high for both C4F6 and C4F8
plasmas, regardless of the characteristics of the polymer
formed on the AgNWs. No signiﬁcant oxidation was
observed after exposure to a harsh environment for 36 d while
the adhesion to the substrate was also improved. However,
8
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ﬂuorocarbon plasmas can be easily generated using CCP
equipment.
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