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Abstract. High-performance flexible multilayer transparent conducting electrodes (TCE) based
on silver nanowires (AgNWSs), graphene oxide (GO), and poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) materials were successfully fabricated by spin-coating
technique. The multilayer electrodes were fabricated using different combinations of AgNW,
GO, and PEDOT:PSS materials. The morphological, physical properties, surface roughness, and
durability of the fabricated electrodes were investigated. The results indicated that the five-layer
structured electrode of PEDOT:PSS/GO/AgNW/GO/PEDOT:PSS possesses the best
performance with a sheet resistance of 23 Q/sq, transmittance of 85 %, and surface roughness of
8 nm. In addition, the PEDOT:PSS/GO/AgNW/GO/PEDOT:PSS electrode also exhibited high
durability after being exposed to the environment for 30 days. The electrode can be used as a
promising electrode in optoelectronic devices.
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1. INTRODUCTION

Transparent conductive electrodes (TCEs) are one of the essential components which are
used in various optoelectronic devices such as solar cells, organic light-emitting diodes
(OLEDs), touch screens, etc. [1]. Indium tin oxide (ITO) is currently a common material to
fabricate electrodes because of its advantages such as good electrical conductivity and high
transmittance [2]. However, the use of ITO has several drawbacks, which are relatively high
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cost, brittle nature, and scarcity of indium [3, 4]. Thereby, several materials such as graphene
oxide, conductive polymers, metal nanowires, or metal-polymer hybrids have been studied as
alternatives to ITO [5 - 8].

Among them, silver nanowires (AgNWSs) have been considered a promising candidate
because of its good electrical conductivity, outstanding transmittance, and high flexibility.
However, several disadvantages were observed when using AgNWs to fabricate electrodes
including weak adhesion to the substrate, high surface roughness, and low chemical stability [9].
To overcome these drawbacks, scientists have studied to combine AgNWSs with other materials,
such as graphene oxide (GO) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) [10]. GO is a well-known derivative of graphene that possesses various unique
properties such as good charge exchange, large surface area, and high mechanical strength [11].
Liang et al. used GO to improve the properties of the AGNWs electrode. The results showed that
the AQNW/GO electrode owned good optical and electrical properties. Moreover, the electrode
exhibited high durability because GO could shield AgNWs from the effects of the environment
[12]. In addition, there have been several reports using PEDOT:PSS to improve the roughness
surface as well as the conductivity of the AgNWs electrode [13, 14]. Therefore, the quality of
the electrode may be improved by optimizing the structure based on AgNWs, GO, and
PEDOT:PSS materials.

In this study, AgNWs electrode and multilayer structure electrodes were fabricated based
on AgNWs, GO, and PEDOT:PSS materials by spin-coating technique. Because of the unique
properties such as high transparency, good flexibility and excellent thermal stability,
polyethylene terephthalate (PET) film was used as an electrode substrate. The electrical
conductivity, transmittance, surface roughness, and stability in the environment of fabricated
electrodes were investigated. The result indicated that the five-layer structured electrode of
PEDOT:PSS/GO/AgNW/GO/PEDOT:PSS exhibited the best properties among the six
fabricated electrode configurations.

2. MATERIALS AND METHODS
2.1. Materials

AgNO; 99.8 % and ethylene glycol (EG) 99 % were purchased from Fisher Scientific.
Polyvinylpyrrolidone (PVP: My, ~ 360000 gmol™); graphite (powder) < 20 um; 3,4 ethylene
dioxythiophen (EDOT) 97 %; poly 4-styrenesulfonic acid (PSS: Mw ~ 75000 gmol™); and PET
substrate with dimensions of 300 mm x 300 mm, thickness of 0.25 mm were provided by
Sigma-Aldrich. H,SO,, NaNO3z;, KMnQ,, H,0,, Na,S,0s, FeS0O,4.7H,0, isopropanol (IPA) and
HCI were of high purity and were used directly without further purification.

2.2. Synthesis of AgNWs, GO, and PEDOT:PSS materials

AgNWSs were synthesized by polyol method using AgNO; as a precursor and EG acting
both as a solvent and reducing agent [15]. GO was synthesized by the Hummers method [16]
using graphite (precursor), NaNO3, H,SO,4, and KMnOj, as an oxidizing agent. PEDOT:PSS was
synthesized by oxidative polymerization of EDOT with Na,S,0g as an oxidizing agent and
FeSQO, as a catalyst [17]. Specifically, PSS (2.82 g) was mixed in 250 mL of water containing
0.98 % of Na,S,0zand 0.2 % of FeSO,.7H,0. Then, 0.38 mL of HCI was added and the mixture
was stirred at 20 °C for 30 min. Thereafter, EDOT (2.18 g) was added, followed by continued
stirring for 24 hours. After polymerization, the Na*, Fe?*, and SO,* ions were removed by ion
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exchange method. The PEDOT:PSS product was washed and dispersed in water to create a dark
blue solution with a concentration of 1.3 %.

2.3. Fabrication of transparent electrode based on AgNWs, GO, and PEDOT:PSS
materials

In this study, we fabricated six different electrode structures (Figure 1). PET substrates (2.5
cm x 2.5 cm) were ultrasonically washed twice with deionized water and IPA for 10 min [18,
19]. The substrate was then dried with a nitrogen gun and left in an oven at 80 °C for 15 min. To
fabricate different electrode configurations, three solutions of AgNWs, GO and PEDOT:PSS
were coated onto a PET substrate by spin-coating method at 2000 rpm for 40 s. Thereafter, these
electrodes were dried at 120 °C for 5 min.

PEDOT:PSS
AGNWSs AGNWSs
AgNWSs PEDOT:PSS PEDOT:PSS
PET PET PET
El E2 E3
PEDOT:PSS
GO
AgNWSs PEDOT:PSS AgNWSs
GO GO GO
PEDOT:PSS AGNWs PEDOT:PSS
PET PET PET
E4 E5 E6

Figure 1. Six different electrodes based on AgNWSs, GO, and PEDOT:PSS materials.
2.4. Characterization

The morphology of the materials was observed by field emission scanning electron
microscopy (FE-SEM) (Hitachi S-4800) and transmission electron microscopy (TEM) (JOEL
JEM1010). Fourier transform infrared (FT-IR) spectra were obtained in the range of 450 - 4000
cm ' by a PerkinElmer FT-IR spectrometer. The X-ray diffraction (XRD) patterns were
investigated using a D8 ADVANCE instrument (Brucker) with Cu-K, radiation (A = 1.5406 A).
The zeta potential was measured with an Anton Paar Litesizer 500 using a dynamic light
scattering (DLS) technique. The transmittance of these electrodes was investigated using a UV-
vis absorption spectrometer (SP-3000 nano) with A = 190 - 1100 nm. The sheet resistance of the
electrodes was measured with a four-point probe (Jandel RM3000). The surface morphology of
transparent electrodes was studied using an atomic force microscope (XE-100).

3. RESULTS AND DISCUSSION
3.1. Properties of materials

The morphology of AgNWSs were observed by field-emission scanning electron
microscopy, and the results are shown in Figure 2a-b. The synthesized AgNWs had a mean
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diameter of 35 nm and length of 20 um. To fabricate electrodes, AGQNWs were dispersed in IPA
solvent at a concentration of 0.4 %.

The morphology of GO was observed using transmission electron microscopy (Figure 2c).
The GO layer is very thin with high transparency. As shown in Figure 2d, the average zeta
potential of GO is about -33 mV. This negative value shows a highly stable dispersion of GO in
water. The synthesized GO was dispersed in water with a concentration of 0.05 %.

IMS-NKL 5.0kV 4.2mm x5.00k SE(M)
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Figure 2. The morphology of AgNWs (a,b), GO (c), and the zeta potential of GO (d).

The composition of the electrodes was studied by X-ray diffraction (Figure 3a). The XRD
pattern of the AgNW/GO electrode exhibits 4 diffraction peaks of silver metal at positions
38.12°, 44.11°, 64.55°, and 77.26° corresponding to (111), (200), (220), and (311) planes,
respectively, (JCPDS card No. 04-0783). These diffraction peaks verify the presence of AgNWSs
in the AgNW/GO electrode. Besides, there is a peak at 20 = 11°, which is relatively consistent
with the (001) plane of GO.

Figure 3b exhibits the FT-IR spectra of AgNWs, GO, PEDOT:PSS, and
AgNW/GO/PEDOT:PSS film. In the FT-IR spectrum of AgNWs, there appear absorption bands
at 2700 - 3300, 165 - 1670, 1050 - 1250, 1020 - 1230 cm™ corresponding to stretching vibrations
of C-H, C=0, C-0O, and C-N, respectively, because of the presence of PVP surfactant [20]. The
FT-IR spectrum of graphene oxide exhibits the characteristic bands of GO at 3420, 1720, 1180
cm ™ which are attributed to the —OH group, C=0 group, and epoxy group, respectively [21]. For
the spectrum of PEDOT:PSS, two peaks at 1398 and 1631 cm™ are attributed to the stretching
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vibrations of the C-C and C=C bonds on the thiophene ring. The peaks at 1093 and 1130 cm™
are caused by stretching vibrations of the C-O-C of the ether group on the EDOT. The peak at
820-980 cm™ is caused by the vibration mode of the C-S bonds [22]. The peak at 670 cm™ is
attributed to the stretching vibration of the S=O group of the PSS [23]. In addition, the
characteristic peaks of AgNWs, GO and PEDOT:PSS also appear on the FT-IR spectrum of
AgNW/GO/PEDOQOT:PSS film.
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Figure 3. XRD patterns of AgNWs, GO and AgNW/GO (a); FT-IR spectra of AgNWs, GO, PEDOT:PSS,
and AgNW/GO/PEDOT:PSS (b).

3.2. Surface morphology of electrodes

The surface morphology of six electrodes were observed by field emission scanning
electron microscopy (Figure 4). For electrodes E1 and E5, AgNWs are unevenly distributed on
the electrode surface due to the poor hydrophilicity of the PET substrate and the weak adhesion
of AgNWs to the substrate surface. Thereby, AgNWs will be thrown off until getting engaged by
each other during the spin-coating process. For the other electrodes, AQNWSs were coated onto
GO or PEDOT:PSS buffer layer; thus, AgNWs were more uniformly dispersed on the PET
substrate. Because the GO and PEDOT:PSS buffer layer enhanced the dispersion and spreading
ability of the AgNWs solution, the distribution of AgNWSs on the PET surface was improved.

Surface roughness is an important factor for applying transparent electrodes on
optoelectronic devices. To find a quality-assured electrode, we investigated the surface
roughness of six electrodes by atomic force microscopy and the result was shown in Figure 5.
Electrode E1 exhibited the highest surface roughness with the Rgq of 36 nm due to the random
overlapping between AgNWs. In addition, the uneven distribution of AgNWs on the surface of
PET substrate also caused large surface roughness of the electrode. In the case of electrodes E2,
E3, E4, and E6, because of the presence of GO or PEDOT:PSS buffer layer, the AgNWSs were
more evenly dispersed, thereby improving the surface roughness of these electrodes. For
electrodes E5 and E6, AgNWs are coated by GO and PEDOT:PSS layers; thus, the shape of the
individual AgNWs is not clearly observed. This is consistent with the observations from the
SEM images (Figure 4). Electrode E6 owns a surface roughness with Rq value of 8 nm, which is
the lowest value of six electrodes. Because of coating GO on AgNWs layer, GO tightly pressed
the AgNWs to the substrate. Besides, the PEDOT:PSS layer above also reduced the electrode’s
surface roughness. The Rq value of electrode E6 is lower than that of the electrode which coats
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only one GO layer or one PEDOT:PSS layer on AgNWs electrode in the previous studies
[14,24]. Therefore, by using the five-layer structure PEDOT:PSS/GO/AgNW/GO/ PEDOT:PSS,
the surface roughness, which was a drawback of the AgNWs electrode, was significantly
improved with the low Rq value of 8 nm.

Figure 4. SEM images of six electrodes.
3.3. Properties of electrodes

Transmittance and electrical conductivity are important properties for evaluating
transparent electrodes. The transmission spectra of the fabricated electrodes were studied using a
UV-Vis absorption spectrometer (Figure 6a). The sheet resistance of these electrodes was
determined by four-probe resistance measurement. Table 1 illustrates the results of the
transmittance and the sheet resistance of six electrodes.

Table 1. The transmittance and sheet resistance of electrodes based on AgNWSs, GO, and PEDOT:PSS

materials.

Electrode Sheet resistance  Transmittance FoM Surface roughness
(on PET) (Q/sq) (%) (%x1000) (nm)

El 43 87 5.7 36

E2 35 88 8.0 32

E3 30 87 8.3 20

E4 32 86 6.9 28

E5 28 84 6.2 15

E6 23 85 8.6 8

For electrode E1, because of the thermal annealing, the sheet resistance was reduced from
120 Q/sq to 43 Q/sq. The resistance value of electrode E1 is relatively high among the six
electrodes. This is because of the uneven dispersion of AGNWSs on the PET substrate (Figure 4a).
Besides, the weak adhesion of AgNWs to the substrate surface [25] leads to a high value of sheet
resistance. For electrodes E2 and E4, the PEDOT:PSS or GO buffer layer helped to improve the
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adhesion of AgNWs; thus, the sheet resistance of these electrodes were lower than that of
electrode E1. In the case of electrode E3, the AgNWs layer was inserted between two layers of
PEDOT:PSS, the resistance of this electrode was reduced to a low value of 30 Q/sq. The sheet
resistance of this electrode was improved because PEDOT:PSS layer played the role of charge
transport in the space in the AgNWSs network structure. For electrodes E5 and E6, the GO layer
compressed the AgNWs onto the electrode surface, thereby improving the junction between the
AgNWs [26]. This accounts for the lower sheet resistance of electrodes E5 and E6 compared to
other electrodes. In which, electrode E6 owned the lowest sheet resistance with a value of 23

Q/sq.

Transmittance (%)

100

Re=15nm [

Figure 5. AFM images of six fabricated electrodes.
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Figure 6. The transmittance (a) and the FoM value (b) of six fabricated electrodes.
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Figure 6a illustrates the transmittance of these fabricated electrodes. The results showed
that the transmittance of all electrodes are higher than 80 % at 550 nm. In which, electrode E2
possessed the best transmittance of 88 %. Although electrode E2 owned a two-layer structure,
the PEDOT:PSS bottom layer helped to improve the dispersion of AgNWs; thus, the
transmittance of electrode E2 was better than that of electrode E1. For electrodes E3 and E4, due
to the coating of PEDOT:PSS top layer (electrode E3) or GO bottom layer (E4), the
transmittance of these electrodes was slightly reduced. The transmittance of electrodes E3 and
E4 possessed values of 87 % and 86 %, respectively. In comparison with electrode E5, despite
electrode E6 had a five-layer structure, the transmittance of this electrode was better because GO
and PEDOT:PSS buffer layer improved the distribution of AgNWSs on the PET surface.

To optimize the optical and electrical properties, and find the best quality electrode, we
caculated the FoM value of six electrodes (Figure 6b). The FoM values of these electrodes are

calculated according to the following formula:
TlO

FoM = —
0 R

where T is the transmittance at 550 nm; R is the sheet resistance.

The results illustrated that electrode E6 owned the highest FoM value of 8.6. The obtained
value is slightly higher than the previously published values [10, 13, 14]. This value is even
equivalent to the FoM of a commercial ITO electrode [14]. Based on the results of the
transmittance and the sheet resistance, it can be concluded that the
PEDOT:PSS/GO/AgNW/GO/PEDOT:PSS electrode (electrode EG6) exhibited the best
performance to apply in optoelectronic devices.

3.4. Stability of electrodes

Stability is an important property for the practical application of transparent electrodes. The
stability of these electrodes was investigated by measuring the sheet resistance during 30 days of
storage under ambient conditions. The results of the stability of the electrodes are shown in
Figure 7.

Figure 7a shows that the sheet resistance of the electrodes increased gradually after 30 days
of storage under ambient conditions. Meanwhile, the transmittance of these electrodes changed
negligibly (Figure 7b). Electrodes E2 and E3 exhibited a large increase in sheet resistance
because of the acidity of PEDOT:PSS causing the corrosion of AgNWs. In addition,
PEDOT:PSS owned hygroscopic nature therefore its conductivity was also reduced after 30
days. For electrode E1, although the AgNWSs were not exposed to the PEDOT:PSS layer,
AgNWs were directly oxidized by environmental agents such as oxygen, UV light and humidity.
Thereby the resistance of this electrode also increased by 16 % after 30 days. In the case of
electrode E4, the GO buffer layer helped to minimize the impact of the acidity of PEDOT:PSS
on AgNWs. However, similar to electrode E1, the sheet resistance of electrode E4 significantly
increased because this electrode was also affected by oxidizing effects from the environment.
Unlike other electrodes, the resistance of electrodes E5 and E6 increased more slowly. The
coating of GO on AgNWs as a protective layer shielded the AgNWs from the effects of the
environment as well as the corrosive effects of PEDOT:PSS. In addition, the GO film also
restrained the impact of humidity on the AgNWs electrode. Therefore, the use of the GO layer to
fabricate electrodes improved the stability of the electrodes.
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Figure 7. Changes in the sheet resistance (a) and the transmittance (b) of six electrodes.
4. CONCLUSION

Transparent flexible electrodes based on AgNWSs, GO and PEDOT:PSS materials were
successfully fabricated by spin-coating method. Among them, the PEDOT:PSS/GO/AgNW/GO/
PEDOT:PSS electrode exhibited excellent optical and electrical properties with a low resistance
of 23 (€¥/sq) and high transmittance of 85 %. In addition, the five-layer structured electrode
possessed a surface roughness of only 8 nm, which was the lowest value among the investigated
electrodes. Besides, this electrode also displayed high stability after 30 days of storage under
ambient conditions. The combination of AgNWSs, GO, and PEDOT: PSS into the five-layer
structured electrode could improve the drawbacks of these materials. This structure can be
applied for the fabrication of transparent flexible electrodes to use in optoelectronic devices.
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