Revista de Chimie
https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

Conductive Layers Based on Silver Nanowires by Spray Coating
Process
JUNAIDI1,2*, NUR ASRIYANI1, SIMON SEMBIRING1, POSMAN MANURUNG1,
SUTOPO HADI3*
1

Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Lampung, Bandar Lampung, Indonesia
35145
2
Instrumentation Research Group, Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas
Lampung, Bandar Lampung, Indonesia 35145
3
Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Lampung, Bandar Lampung,
Indonesia 35145

Abstract: In this research, a thin film of silver nanowires (AgNWs) is made by varying the number of
layers onto a polycarbonate substrate using a spray coating process. AgNWs were obtained via the
polyol method using silver nitrate (AgNO3) as rare materials, Polyvinyl pyrrolidone (PVP) as a
reducing agent and ethylene glycol (EG) as a solvent. The coating material used is AgNWs solution
with a concentration of 10% in ethanol, which has a diameter and length of 176.13 nm and 28.58 µm,
respectively. The optical conductivity for third layers were 1.80 × 105 S.m−1,1.98 × 105 S.m−1, and
2.32 × 105 S.m−1 by the gap energy of 3.84 eV, 3.81 eV, and 3.79 eV at a wavelength of 550 nm. The
greater the number of layers, the higher the optical conductivity. The smaller energy gap indicates that
the material absorbs more energy, so the absorbance value is higher. The sheet resistance of AgNWs
thin films in variations of each layer was 119.2 Ω.sq−1, 20.6 Ω.sq−1 and 4.98 Ω.sq−1. The lower the
layer resistance, the higher the density of AgNWs and the thicker the layer. Based on the SEM images
by cross-section technique, the thickness of AgNWs thin films obtained by 44.244 μm, 69.126 μm, and
100.028 μm for each layer. AgNWs thin films could be used as transparent conductive electrodes for
optoelectronic applications.
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1. Introduction
Transparent conductive electrodes (TCEs) are of concern to researchers and the industry because of
the increasing need to produce organic light-emitting diodes (OLEDs), solar cells, electronic
components, and touch screens in recent years [1-3]. One of the most frequently used TCEs is indium
tin oxide (ITO) [4,5]. The main use of ITO is as a transparent conductive thin film used in electronic
devices.
ITO has the advantages of high transmittance (T> 90% at wavelength 550 nm) and low resistance
(Rs = 10–30 Ω.sq−1 [4,5]. In addition to having advantages, ITO also has shortcomings, which are
expensive because of indium’s limited availability. The synthesis process requires high temperature
and high vacuum to control doping thickness and concentration. ITO also has ceramic properties; it is
inflexible and fragile [6-8] because it wears and cracks easily when used, has a high refractive index so
it is not suitable for touch screen applications [9,10].
Many researchers are trying to solve problems related to transparent ITO electrodes, such as
making flexible mechanical electrodes using polyethylene terephthalate (PET) substrates as well as
various ratio elements carried out to improve the layers’ mechanical properties [7]. However, this
approach not only increases production costs but also reduces optical and electrical performance.
Therefore, many researchers have tried to find alternative materials to replace ITO with materials that
are better than ITO [9].
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Alternative materials that can be used as substitutes for ITO include carbon nanotubes (CNTs) [10],
graphene [11], and metal nanowires (NWs) [12-17]. Carbon nanotubes have good transmittance of up
to 97%. However, it has very high resistance around 200 to 3000 Ω.sq-1 [10]. Graphene films show
transmittance of 90% and high resistance of 125 Ω.sq-1. The process of synthesizing graphene films
requires very high temperatures up to 1000 oC, so it is expensive [11].
Metal NWs have advantages over other materials in terms of conductivity, flexibility [14], and ease
of synthesizing at low temperatures [12]. The resulting transmittance can reach 90% and the resistance
is around Ω.sq−1. The conductivity and transmittance produced are similar to ITO, making it suitable
for transparent electrode applications [15]. Copper nanowires (CuNWs) and silver nanowires
(AgNWs) are commonly used. CuNWs layer has almost the same conductivity as AgNWs and the
synthesis process is cheaper. However, CuNWs have instability in the air because they react easily
with oxygen, so AgNWs are chosen as an alternative material in the manufacture of TCEs [16].
TCEs with AgNWs can be made using various techniques such as spray coating [13], Mayer-rod
coating [17], spin coating [18], and dip coating [19]. Spin coating is a easy and fast technique, but it
shows the results of non-homogeneous AgNWs coating. The resulting resistance and transmittance are
20 Ω.sq−1 and 77%, respectively [18]. The dip coating technique is done by dipping the substrate into
the coating solution. This technique requires a lot of coating material, and the coating process takes a
long time. The resulting resistance and transmittance are 100 Ω.sq−1 and 90%, respectively [19].
The Mayer-rod coating technique is a very simple and compatible method by rolling the Mayer rod
over the substrate [20]. However, this technique depends on the coating material’s viscosity and can
work well on materials that have low viscosity. The resistance and transmittance of the resulting layers
are 12.1 Ω.sq−1 and 70.1%, respectively [21].
Based on some coating techniques, spray coating techniques are often used and have advantages
compared to other techniques, namely a highly homogeneous surface is produced, so that this method
can prevent excessive porosity. The resulting resistance and transmittance are 10 Ω.sq−1 and 87.4%
[22-24]. AgNWs film making by the spray coating method depends on the nozzle speed, diameter, and
length of AgNWs. The higher the nozzle speed, the higher the values of transmittance and resistance
because the total number of AgNWs coming out decreases [25] and causes the AgNWs to be less
dense [26]. High resistance can be overcome by using a larger diameter and length of AgNWs so that
the resistance is lower and the transmittance is higher [27].
Based on these factors, a thin layer of AgNWs will be made using a spray coating technique and
varying the number of layers. The resulting layer will be characterized with an ultraviolet-visible (UVVis) spectrophotometer to determine its optical properties, four-point probe (FPP) to determine its
electrical properties, and the characterization of scanning electron microscopy (SEM) to determine the
surface structure and thickness of the AgNWs layer.

2. Materials and methods
The materials used in this study include AgNO3 (Sigma Aldrich), polyvinyl pyrolidone (PVP, Mw.
30K, Namhang Industrial), ethylene glycol (Citra Sari Kimia, Indonesia), FeCl3.6H2O, ethanol
(Erkamed Alcohol 96%), aquadest, and substrate polycarbonate. The tools used in this study include a
hot plate stirrer (Diab MS-H280-Pro), thermocouple (Lutron TM-902), ultrasonic cleaner (Delta
D68H, Taiwan), compressors (Fini air compressore, Pioneer), ovens (Kirin), centrifuge (800D
Centrifuge), and spray equipment (Air Brush Kit with a capacity of 7 cc, nozzle diameter 0.2 mm).
Schematic synthesis of AgNWs as shown in Figure 1.
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Figure 1. Synthesis of silver nanowires
AgNWs were obtained using the polyol method, with PVP as a reducing agent and ethylene glycol
(EG) as a solvent. Firstly, PVP powder was dissolved with 30 mL EG with a concentration of 0.45 M
using a hotplate stirrer at 130oC and 350 rpm for 1 h. Next, the amount of FeCl3.6H2O 100 μL with a
concentration of 0.04 M and 12 mL of AgNO3 with a concentration of 0.5 M added dropwise for 1
hour. All solutions were then sterilized for 2 h. After 2 h, the AgNWs solution was cooled to room
temperature for 30 min. Next, AgNWs were washed, using ethanol, by pouring AgNWs solution into
an autoclave tube and adding ethanol, then centrifuging for five minutes at a speed of 3000 rpm three
times. Deposits of AgNWs formed are transferred to the auto clap for further processing [17].
The manufacture of AgNWs thin films is carried out using a spray coating technique with
variations in the number of layers (1-3 layers) on a polycarbonate substrate by spray coating. Figure 2
illustrates the technique for making AgNWs thin films by spray coating.
At this stage, it is carried out by pouring a coating agent in the form of AgNWs solution with a
concentration of 10% into a container, which is in the spray device as the source of the coating. After
that, the spray tool is connected with the compressor, which applies air pressure to the spray device so
that the solution can be spread on the substrate. A copper tube is wrapped around the compressor
hose’s hot element which aims to flow air pressure in the form of steam. The copper tube is heated to
60 oC using a hot plate.

Figure 2. Deposition of AgNWs films by spray coating
Five ml of coating material used for 1 layer. At the time of spraying, the substrate while heated on
a hot plate with a temperature of 90oC, a pressure of 1–1.5 bar, and the distance of the spray nozzle to
the substrate is 10 cm. Spraying is done until the coating material is used up and spread evenly on the
substrate. After the coating material is spread evenly, the layers are drained in an oven at 90 oC for 15
minutes. For the next coating, the coated AgNWs layer is then resurfaced using the same technique.
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For characterization, UV-vis spectrometer (Shimadzu, UV-1700) was used to measure the
absorption and transmission spectrum of AgNWs films in the 300 to 700 nm wavelength range. The
electrical properties of AgNWs films were measured using a four-point probe (VEECO FPP-5000).
Furthermore, the morphology, size, and thickness of AgNWs solution and AgNWs films were
observed using scanning electron microscopy (JEOL, JSM-6510) by accelerating voltage of 10 kV.

3. Results and discussions
The coating material used is AgNWs solution with a concentration of 10% in ethanol, which has a
diameter and length of AgNWs of 176.13 nm and 28.58 µm, respectively. Figure 3 shows the results of
measurement of transmittance of AgNWs layers using a UV-vis spectrometer.

Figure 3. UV-vis spectra of transmittance AgNWs
thin films
The transmittance is the ratio between the intensity of light entering the AgNWs layer with the
intensity of light going out of the AgNWs layer. Transmittance will always be raised in the form of a
percentage at a specific wavelength of 550 nm. The transmittance of the AgNWs layer, according to
Eda et al. can be seen at a wavelength of 550 nm [4].
At a wavelength of 550 nm, the transmittance of thin layers of AgNWs with variations of 1, 2, and
3 layers is 46.16%; 34.20%; and 23.81%, respectively. The results obtained show that the higher the
number of layers, the smaller the transmittance [14,19]. Lambert-Beer's Law states that the
transmittance and absorbance relationship is inversely proportional [28]. The absorbance results of
AgNWs thin films can be seen in Figure 4.

Figure 4. UV-vis spectra of absorbanceAgNWs
thin films
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Absorbance is the amount of light or energy that the thin film material absorbs from the total light
emitted. The absorbance peak at a 340 nm wavelength indicates that Ag consists of a mixture of
nanoparticles (NP), nanorod (NRd), and NWs [29,30]. The absorbance peak around 350 nm indicates
the presence of Ag in the form of NWs. The absence of absorption peaks around 410 nm indicates that
there is no silver element [31,32].
In Figure 4, the graph illustrates the absorbance results of AgNWs thin films with variations in 1, 2,
and 3 layers. In one layer, there are three absorbance peaks, namely at wavelengths of 341 nm, 347 nm
and 351 nm with absorbance peaks of 0.32; 0.32; and 0.32. One layer shows that there is still Ag in the
form of nanoparticles, small spheres, NRs, and NWs.
There are two absorbance peaks in the two layers, namely at wavelengths of 347 nm and 351 nm,
with absorbance peaks of 0.44 and 0.45, respectively. The absorption peak of 347 nm shows that there
is still Ag in the form of nanoparticles, small spheres, NRs, and NWs. The absorption peak of 351 nm
indicates that Ag has the form of NWs.
In the three layers, there is one absorbance peak at a wavelength of 350 nm with an absorbance
peak of 0.64. The absorption peak of 350 nm corresponds to the presence of Ag in the form of NWs.
These results confirm the presence of silver with excellent aspects [31,32]
As the number of layers increases, an increase in absorption peaks and a decrease in transmittance
occur. This proves the statement of Skoog and Leary that transmittance and absorbance are inversely
proportional [28]. From the results of transmittance and absorbance, reflectance value and absorbance
coefficient will be known, then the refractive index value, optical conductivity, and energy gap will be
produced [17].
The index of refraction occurs when light propagates in material; its speed will decrease by a factor
determined by the material’s characteristics. The refractive index is also a ratio of the speed of light in
a vacuum to the speed of light in a material. When light passes through two different media with
optical density, the light propagation direction in the second medium will be deflected. The results of
the AgNWs thin film refractive index are in Figure 5.

Figure 5. The refractive index of AgNWs thin films
with variations in the number of layers
The refractive index value is calculated using the reflectance value and the layer’s absorbance
coefficient. The refractive index of the AgNWs layer can be seen at a wavelength of 550 nm. The
refractive index of AgNWs layers with variations of 1, 2, and 3 layers in a row is 2.26, 2.21, and 1.93.
As the number of layers increases, the resulting refractive index decreases. The resulting refractive
index of thin films is in accordance with the literature, which is 1.5 to 3.5 [33,34].
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Figure 6. The optical conductivity of AgNWs thin
films with variations in the number of layers
The refractive index will affect the density of AgNWs in the layer because pores form on the
surface [33]. The smaller the refractive index value, the AgNWs density value increases and the
smaller the pore size. The refractive index value can be used to calculate the optical conductivity of
AgNWs thin films, as shown in Figure 6.
Optical conductivity is measured by the reflectance of the sample. To measure optical conductivity,
measurements are combined with static limits on the wave frequency. Optical conductivity is seen at a
wavelength of 550 nm. Optical conductivity produced at 1, 2, and 3 layers were 1.80 × 10 5 S.m−1,1.98
× 105 S.m−1, and 2.32 × 105 S.m−1. The optical conductivity produced is lower than the metallic silver
conductivity of 6.3 × 107 S.m−1 [35].
The greater the number of layers, the higher the optical conductivity. When associated with the
refractive index results, the greater the number of layers, the higher the optical conductivity, and the
lower the refractive index. This shows that the optical conductivity value is inversely proportional to
the layer’s refractive index. Optical conductivity will affect the energy gap produced. The energy gap
generated from AgNW thin films is shown in Figure 7.

Figure 7. The bandgap energy of AgNWs thin films
with variations in the number of layers
The energy gap is the energy needed by electrons to be able to move from the valence band to the
conduction band. The energy gap is determined using the Tauc plot method and applied to
semiconductor materials. The method of Tauc plot (with value n = ½) can be carried out by graphing
the relationship between (αhv)2 to hv, then performing linear extrapolation (αhv)2 to hv cutting the xRev. Chim., 71 (8), 2020, 136-147
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axis (abscissa) [36]. Linear extrapolation, which cuts the abscissa, is the energy gap value. The value
of n that is used is n = ½ indicates an indirect transition [36].
AgNWs thin films with variations of 1, 2, and 3 layers produce gap energy of 3.84 eV, 3.81 eV,
and 3.79 eV, respectively. The gap energy value corresponds to the gap energy Ag, which is 3.1 to 5.2
eV [37]. The energy gap of the AgNWs layer is almost the same as ITO of 3.8 eV [38]. The gap
energy produced is getting smaller as the number of layers increases. The smaller energy gap indicates
that more energy is absorbed by the material, so the absorbance value is higher. These conditions are
in accordance with the absorbance results obtained, as shown in Figure 4. The smaller the energy gap,
the greater the optical conductivity. Greater optical conductivity produces a good performance as a
transparent electrode [39].
In general, the gap energy of semiconductor material is below 6 eV. The FPP test results show that
the semiconductor produced is p-type and n-type semiconductors. This semiconductor is a type of
extrinsic semiconductor, which is impure because it is polluted by other types of atoms. The process of
adding impurity atoms to pure semiconductors is called doping. By adding impurities (impurities), the
band structure and resistivity will change.
Total electrical resistivity (ρtotal) on nanomaterial materials is the sum of individual electrical
resistivity (ρo) due to crystal defects or impurity scattering, Bloch-Gruneisen resistivity (ρL) and Kondo
resistivity (ρspin) as shown in Equation 1.




T

T

total (T ) = 0 +  L (T ) +  1 f (Tk )dTk −  2 | J | ln(T ) f (Tk )dTk

(1)

where f(Tk) is a particle size distribution function. Bloch-Gruneisen resistivity is phonon resistivity.
Phonon contributes to thermal and electrical conductivity; if there are no phonons, then all materials
will become insulators [40]. Kondo resistivity occurs because of the Kondo effect. The Kondo effect
describes conduction electrons in metals due to magnetic impurities, resulting in characteristic
electrical resistivity changes [41-42].
In ordinary silver wire room temperature conditions, phonon-electron scattering is dominant, but
for silver NWs, both phonon scattering and structural scattering contribute to the overall electrical
resistivity magnitude. This also occurs because of the silver NWs thinning process, or the process of
depleting the size of the NWs, so that the resistance of silver in the form of NWs is five times greater
than silver in the form of overflow [43]. This makes the NWs silver conductivity much smaller than
the usual silver conductivity, as shown in Figure 6.
The greater the number of layers, the smaller the gap energy. The smaller the energy gap, the
greater the optical conductivity. Higher optical conductivity results in a good performance as a
transparent electrode [37]. The greater the optical conductivity, the smaller the resistance [17]. The
results of AgNWs thin film resistance can be seen in Figure 8. The resistance of AgNWs thin films for
1, 2, and 3 layers were 26,30 Ω, 4.67 Ω, and 1.10 Ω, respectively.

Figure 8. Resistance and resistivity of AgNWs thin films
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The results of resistance and resistivity of AgNWs thin films have the same ratio. Thin-film
resistance in variations of 1 to 3 layers was 119.2 Ω.sq−1, 20.6 Ω.sq−1and 4.98 Ω.sq−1. The best
resistance value results in variations of 3 layers. The resistance value produced in this study is lower
than the resistance value obtained by Lee et al. with a resistance of 16 Ω.sq−1 in 3 layers [13]. The
resistivity of AgNWs thin films for 1, 2 and 3 layers were 0.30 Ω.cm, 0.05 Ω.cm and 0.01 Ω.cm,
respectively. The greater the number of layers, the lower the resistance and resistivity of the layer,
which causes higher conductivity. The best resistance and resistivity are found in variations of 3
layers.
The lower layer resistance will affect the density of AgNWs on the layer’s surface. The lower the
layer resistance, the higher the density of AgNWs and the greater the thickness of the layer [26]. This
can be proven by SEM results shown in Figure 9 and Figure 10.

Figure 9. SEM images of (a) 10% AgNWs solution, AgNWs thin films for
(b) 1 layer, (c) 2 layers, and (d) 3 layers
The SEM results were identified by the diameter and length of AgNWs by using ImageJ. Based on
SEM results when viewed visually, the AgNWs layer variations 1, 2, and 3 layers have different
AgNWs densities (in terms of the number of AgNWs) on the layer surface. Increasing the density of
AgNWs on the layer surface will reduce the layer’s resistance and transmittance [39]. The increasing
refractive index will increase the value of AgNWs density on the layer’s surface because the surface
pores’ sizes are getting smaller [33]. AgNWs layers, with variations of 1, 2, and 3 layers, have
successive pore sizes of (13.2 ± 7.0) μm,(7.4 ± 3.4) μm, and (2.8 ± 1.2) μm. The greater the number of
AgNWs layers, the smaller the pore size of AgNWs and the greater the AgNWs density. The smaller
the pore size, the higher the level of homogeneity, so that surface roughness and resistance will
decrease [13].
Figure 10 shows that the AgNWs layer thickness for 1 layer was 44.244 μm. In Figure 10(b), the
thickness of the AgNWs layer, with a variation of 2 layers, has a layer thickness of 69.126 μm. In
Figure 10(c), the thickness of the AgNWs layer with a variation of 3 layers has a layer thickness of
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100,028 μm. Based on the results obtained, the greater the number of layers, the greater the layer
thickness. Layer thickness increases, resulting in lower transmittance and resistance.
The resulting AgNWs layer has several problems, namely instability of AgNWs and weak
adhesion. AgNWs instability occurs when temperatures above 100oC, where the deformed layer
becomes harder and the resistance of the layer is very high. This happens because AgNWs are melting
and causes the AgNWs network to become thinner [26]. As the temperature continues to rise, AgNWs
begin to break and produce intermittent AgNWs, thereby increasing tissue sheet resistance to kΩ and
MΩ. According to Khalig and Goldthorpe, when temperatures above 200oC NWs turned into a
spherical shape [44].
(a)

(b)

(c)

Figure 10. Cross section SEM image of AgNWs
layer thickness for (a) 1 Layer, (b) 2 layers, and (c) 3 layers
The resulting AgNWs layer is easily scratched so that it can remove NWs on the surface. When
AgNWs are easily scratched, resulting in weaker adhesion [12]. The proposed method for increasing
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adhesion is to add an additional layer above the AgNWs layer, so as to reduce surface roughness and
drastically increase NWs adhesion [45].
Based on research, increasing the number of layers increases absorbance and decreases
transmittance. More and more AgNWs will increase the density of AgNWs on the layer surface.
Increased density of AgNWs on the layer surface causes the layer thickness to increase, the layer
resistance to decrease, and optical conductivity to increase. As optical conductivity increases, the gap
energy produced decreases. Optical resistance and conductivity were obtained at 4.98 Ω.sq−1 and 2.32
×105 S.m−1, respectively.

4. Conclusions
The effect of variations in the number of AgNWs thin films, using spray coating techniques, shows
that the greater the number of layers, the higher the transmittance and the lower the resistance.
Conversely, optical conductivity and coating thickness increases. The transmittance of AgNWs thin
films with variations in 1 to 3 layers was 46.16%; 34.20%; and 23.81%. The results of transmittance
are inversely proportional to the absorbance, where the smaller the value of transmittance, the greater
the value of absorbance. The best absorbance peak is in the variation of 3 layers at a wavelength of 350
nm, which indicates the presence of AgNWs. The resulting resistances in AgNWs thin films, with
variations of 1, 2, and 3 layers, were 119.2 Ω.sq−1, 20.6 Ω.sq−1 and 4.98 Ω.sq−1, respectively,. The
resistance values in the 2 and 3 layer variations correspond to the ITO resistance values. On the surface
morphology results, the AgNWs length deformation occurred between 10% AgNWs solution and
AgNWs thin films obtained by 44.244 μm,69.126 μm, and 100.028 μm for each layer.
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