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Abstract- We demonstrate the optimal deposition condition for transparent and conducting by using the supersonically 
sprayed the silver nanowires (AgNWs) on a flexible polyimide substrate to used in Cu(In,Ga)Se2 solar cells. The 
supersonically flowed AgNWs resulted in optimal films with a low sheet resistance (Rs = 27 Ω/sq) and excellent 
transmittance (Tr = 90%).The properties were changed by condition factors about the temperature and pressure of the 
coating spray. Therefore, we focused on finding the transparent and conducting coating condition by supersonic spray. And 
then, the fabricated films were characterized by ultraviolet-visible spectroscopy, and scanning electron microscopy, and 
finally we measured the cyclic bending test on the PI/AgNW films as well as PI/ZnO/ITO/AgNW films for the flexible 
substrate with stability electrical properties. After bending test, their electrical properties were compared. 
 
 
I. INTRODUCTION 
 
Cu(In,Ga)Se2 (CIGS) films are attracting a lot of 
attention for use in solar cells owing to their low 
processing cost and superior optical and electrical 
properties [1]. Soda-Lime glass (SLG) is used usually 
in the production of CIGS-based solar cells. But, 
SLG-based substrates are brittle and nonflexible and 
cannot be used in flexible devices. Therefore, 
polyimide (PI) substrates have been suggested as 
alternatives for CIGS solar cells. The performance of 
CIGS solar cells based on PI substrates remains 
stable, with the cells showing high flexibility, even 
under severe mechanical stress [3].Further, compared 
to flexible metal substrates, PI substrates are more 
beneficial owing to their electrically insulating 
nature, which allows for the formation of direct 
interconnections and thus a decrease in the 
production costs [2, 4]. However, PI substrate even has 
challenges because of the properties of the indium tin 
oxide (ITO) layer which must be deposited on the 
substrate to make it electrically conducting.ITO has a 
good mechanical and is a suitable transparent 
electrode material for the future solar cells because of 
its relatively low sheet resistance and high 
transmittance[5]. However, it cannot be used in 
flexible and stretchable devices owing to 
brittleness[6].For these reasons, carbon 
nanotubes(CNTs)[7, 8], metal nanowires (NWs) [9, 10], 
and graphene[11,12] have been suggested as alternative 
electrode materials, as these materials are highly 
conducting and transparent and desirable 
characteristics because of their nanoscale dimensions. 
For example, their nanoscale dimensionsallow them 
to exhibit high light transmittance. Further, in 
general, the electrical conductivity of metal NWs is 
higher than those of CNTs and graphene, with their 
theoretical electrical conductivity being very high 
[8].Lee et al. [13] proposed a supersonic spraying 
method to deposit silver NWs (AgNWs). This method 
is a rapid and scalable one and does not require the 

use of a vacuum. The supersonic spraying method 
additionally shows faster production time than the 
conventional coating methods. Because the 
supersonic spraying technology do not have to 
prepare the pre-process. So, in this study, we 
demonstrate the optimal deposition condition for 
transparent and conducting by using the supersonic 
spraying technology. Also, we used the silver 
nanowires(AgNWs) for flexible, conductive materials. 
Finally, we experiment the mechanical and durable 
electrical characteristics for using the bending cycle 
test machine. So we compared the coated films with 
PI/ZnO/ITO 150nm films 
 
II. EXPERIMENT AND RESULT 
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Figure 1. Transmittances and Sheet resistance of AgNWs films 

produced at coating pressure of (a) 4 bar, (b) 5bar, and (c) 6 
bar. (d) The summary of data for different conditions. 

 
Figure 1shows the UV-vis transmittance values of 
the AgNW films deposited on the slide glass 
substrates at different inlet pressures and air 
temperatures. We used the slide glass to measure the 
transmittance of the AgNW layer. The pressure 
condition ranged from 4 bar to 6 bar while the 
temperature ranged from 60C to 220C. 
Temperature and pressure are important factor to find 
the exit nozzle velocity. The suitable exit velocity 
determines the film properties of optimal transparent, 
conductive.  So, we focused on finding the optimal 
deposition condition. Figure 1. (a), (b) and (c) are 
transmittances about AgNWs layer produced for each 
deposition condition. 
In the case of (a), showed the low sheet resistance  
(Rs = 29 Ω/sq) and fairly high transmittance (Tr = 
91%) at the 4bar 100C.Additionally the 
characteristics were performed in a stable states in the 
region of the 4bar.On the contrary, Figure 1. (b) 
showed the lacking characteristics (Rs  > 30 Ω/sq or 
Tr< 90%) when compared to the 4 bar case. Also 
Figure 1. (c) case is a characteristics about the 6bar 
case varying  the temperature. But this case showed 
the high instability of properties value under various 
deposition conditions. Figure 1 (d) shows the 
transmittance versus sheet resistance data for the 
films fabricated at various pressure values. It is 
apparent that the sheet resistance increases with an 
increase in the transmittance.These films with 
different transmittances were fabricated not by 
varying the deposition time but by changing the 
deposition temperature. An increase in the 
transmittance (Tr) in Figure 1 (d) corresponds to an 
increase in the temperature for all the pressures. At a 
lower sheet resistance (Rs< 40 Ω/sq), the effect of 

pressure is insignificant.Through the results of Figure 
1, we decided working condition (4bar 100 C) of 
optimal deposition. 

 
Figure 2. SEM images of AgNWs coated on slide glass 

substrates at 60 ℃ ≤ T ≤ 160 ℃ and fixed deposition pressure, 
P is a 6 bar. 

 
Figure 2 shows the effect of T on the surface 
morphology of the deposited AgNW films. The 
deposition pressure, P, was fixed at 6 bar. The area 
occupied by the AgNWs was estimated from the 
SEM images shown in the figure. The lowest 
temperature condition results in the compact AgNW 
layer because gas exit velocity at the nozzle is 
affected by working condition about the set up 
temperature and pressure.Over enough gas exit 
velocity causes the interfere with the deposition of 
AgNW’s junction on the substrate.As expected, a few 
AgNWs were deposited at higher temperature values, 
owing to the large expansion waves generated within 
the supersonic nozzle.The area covered by the 
AgNWs changed from 75% to 20.9% when 
deposition working temperature increased from 
60Cto 160C. The effect of T on the exit velocity, 
Ve, is pronounced. When Ve is increased, the 
expansion waves bounce against the nozzle walls and 
create shockwaves that travel downstream. These 
shockwaves collide with the substrate, increasing the 
pressure at the impact region and resulting in what is 
known as bow shock[14, 15, 16, 17]. 

 
Figure 3. SEM images of (a) ITO 150nm/ZnO/PI sample after 

bending cycles test (N=3), (b) AgNW/ITO 50nm/ZnO/PI 
sample after bending cycle test (N=50), and (c) AgNW/PI 

sample after bending cycle test (N=2000). 
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Figures 3 a-d show SEM images of the three 
multilayered films after they had been subjected to a 
cyclic bending test: PI/ZnO/ITO (150 nm), 
PI/ZnO/ITO (50 nm)/AgNW, and PI/AgNW. For all 
the tests, the bending radius, Rb, was 3 mm. After N 
= 7 cycles, the sheet resistance of the PI/ZnO/ITO 
(150 nm) film increased sharply owing to the 
brittleness of the ITO layer. (b) and (c) samples have 
a stable electrical properties. Especially, only Film 
produced by AgNW have a high electrical 
performance. And (b) sample shows the comparative 
high performance because AgNW’s small parts 
connect the opposite ITO layers.On the contrary, the 
sample without the AgNW has the poor performance 
and a property changed by bending cycle. 
 
CONCLUSION 
 
AgNW has recently been attracting attention as an 
alternative materials to ITO. We demonstrated the 
transparent and conducting films by using the AgNW 
and used supersonic spray nozzle. And then, we 
focused on finding the transparent and conducting 
coating condition due to reduce the ITO. Also, we 
experimented the bending test to check the electrical 
performance with stable sheet resistance.  As 
expected, the sample produced by AgNW showed the 
unchanging the sheet resistance for bending cycle 
test. On the contrary, the conventional ITO based film 
is vulnerable to bending. Finally, Samples were 
compared under various coating condition. Among 
the conditions, the sample showed the most optimal 
characteristics (Rs = 29 Ω/sq and Tr = 91%) at 4 bar 
100℃. On the other hand, the performance of the 
films deposited at 6 bar deteriorated rapidly with an 
increase in T0, which, in turn, increased Ve. Under 
high-Ve conditions, the bow shock phenomenon was 
observed, which prevented the efficient deposition of 
the AgNWs. Therefore, a lower deposition pressure is 
ideal for producing films with a low sheet resistance 
and high transmittance. 
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