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ABSTRACT 

The aim of this study is to produce optically transparent nanofibers with adequate electrical 

conductivity for optoelectrical applications where transparency and conductivity are needed. 

Therefore, conductive polyacrylonitrile/silver nitrate (PAN/AgNO3) nanofibers were produced by 

electrospinning with different deposition times ranging from 1 minute to 10 minutes. The effect of 

deposition time on the sheet resistance and optical transparency of the nanofibers were investigated. 

The surface characteristics, electrical properties and transmittance values of the electrospun mats 

were evaluated. Nanofibers with diameters under 700 nm were obtained. With the increasing 

deposition time, the sheet resistance and transparency of the samples were decreased. In order to 

figure out the optimum deposition time, the figures of merit of the samples were calculated. The 

figures of merit of the samples showed that the sample deposited for three minutes gave the best 

performance among the others. It was seen that conductive PAN/AgNO3 nanofibers are promising for 

optoelectrical applications. 
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1. INTRODUCTION 
 

Transparent conductive electrodes (TCEs), which conduct 

electrical current and transmit light, play important roles in 

many optoelectrical applications such as thin-film solar 

cells, liquid-crystal displays, light-emitting diodes, sensors, 

energy harvesting devices, field-effect transistors and 

photovoltaic devices. Two crucial parameters are expected 

from a good TCE: low sheet resistance and high optical 

transparency [1, 2].   

Sheet resistance (Rs) (also known as surface resistivity) is 

the measurement of resistance across the surface of a 

material in contact with the electrodes. It can be defined as 

the electric current flowing across a surface as the ratio of 

DC voltage drop per unit length to the surface current per 

unit width and is expressed in ohms per square (Ω/sq) [3,4]. 

Optical transparency (T) is another important parameter to 

define a TCE. It can be defined as allowing light to pass 

through the material without being scattered. A good TCE 

should have high optical transparency with low sheet 

resistance [5, 6]. 

In order to meet these requirements, researchers have been 

investigated many conductive materials including indium 

tin oxide (ITO), metal oxides, carbon based materials like 

carbon nanotubes, graphene and graphite, metal nanowires 

etc. These materials are highly conductive as they have low 

resistance values depending on their production method, 

size and structure [7-10]. However, these materials also 

have disadvantages such as high cost/challenging 

production methods, rarity of the raw materials, or 

brittleness [5, 6]. This drives the search for an alternative 

material as TCEs. 
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Nanofibers have gained attention due to their distinguishing 

properties such as high surface area per volume, low weight 

and high mechanical properties [11-14]. The electrical 

conductivity values of the nanofibers are increased due to 

the confinement [15]. Therefore, the interest for the usage 

of nanofibers in electrical applications are growing. Since 

thin film production for optoelectronic applications are 

difficult and costly, conductive nanofibers are an alternative 

for such applications. Electrospinning is the most used and 

well-known method for nanofiber production. The method 

involves fabrication of nano-scaled fibers from polymer 

solutions using electrical forces [11-14].  

There are different methods to make conductive nanofibers 

by electrospinning including using intrinsically conductive 

polymers or adding a conductive compound into the non-

conductive polymers [16]. 

Electrospinning of intrinsically conductive polymers 

(namely, polyaniline (PANI), polypyrrole (PPy), 

polythiophene, poly (3,4-ethylenedioxythiophene) (PEDOT)) 

for the production of TCEs have been thoroughly studied in 

several applications such as biosensors, biomedical 

applications, energy storage, etc [16-21]. Although these 

polymeric nanofibers show lower conductivities compared 

to ITO, carbon nanotubes, or graphene; there are also many 

studies on the improvement of their electrical properties. 

However, the processability of these polymers is 

challenging. They cannot be melt processed and are 

insoluble in most solvents [16-21]. 

Another approach to produce TCEs is to fabricate 

conductive electrospun nanofibers by adding a conductive 

component into a non-conductive polymer. In this method, 

the polymer called as “template polymer” carries the 

conductive component. Conductive component can be a 

metal (such as silver, copper, gold, etc.), carbon black 

nanoparticles, an ionic liquid, carbon fibers or nanotubes, 

conductive polymers or their combinations [16, 22-24]. 

Nanofibers with silver particles have application areas from 

antibacterial materials to conductive composites as they 

show high optical, antimicrobial, electronic and magnetic 

properties. They can be also used as fillers for composites 

to be used in electromagnetic shielding [25-27]. One of the 

challenges in adding silver particles into the nanofibers is to 

prevent the agglomeration of silver particles in the 

electrospinning solution. Generally, silver nitrate (AgNO3) 

is added into the electrospinning solution and nanofibers 

are produced from AgNO3/polymer solutions. The process 

is followed by a reduction treatment to form silver 

nanoparticles within the nanofibers. In literature, it was 

reported that the reduction treatment can be carried out by 

heating and/or chemical reduction or photo-reduction using 

UV irritation and chemical reduction is more effective 

compared to other methods [24, 28, 29]. The researchers 

also reported that the electrical properties of these 

structures may vary from hundreds of ohms to megaohms 

depending on nanofiber properties (thickness, diameter, 

fiber uniformity, distribution of the conductive component, 

etc.), solution properties (concentration of the components, 

homogenous solution preparation, etc.), electrospinning 

parameters (flow rate, applied voltage, distance between the 

needle and the collector, etc.) and reduction process (type 

and duration of the reduction, etc.) [24, 28]. Although, the 

properties of these structures are lower compared to highly 

conductive materials (ITO, metals, graphene, etc.), these 

values can be adequate for some special applications. 

In this study the effect of deposition time on the sheet 

resistance and optical transparency of polyacrylonitrile/ 

silver nitrate (PAN/AgNO3) nanofibers were investigated. 

For this purpose, PAN/AgNO3 nanofibers were produced 

by electrospinning. PAN was chosen as template polymer 

due to its low cost and availability and AgNO3 was chosen 

as conductive component due to its excellent electrical 

properties. Electrospun nanofibers were collected on glass 

substrates with different deposition times ranging from 1 

minute to 10 minutes. The surface characteristics, sheet 

resistance and transmittance values of the electrospun mats 

were evaluated.  The originality of this study is to establish 

a relationship between electrical and optical properties. 

Therefore, the figures of merit calculations, which define 

the performance of transparent conductive electrodes, were 

also added to the study in order to figure out this 

relationship and the sample with the optimum optoelectrical 

properties. 

2. MATERIALS AND METHODS 

2.1. Materials 

In this study, commercially available polyacrylonitrile 

(PAN) (Mw: 200-240 kDa), N,N-dimethylformamide 

(DMF) (Sigma-Aldrich), silver nitrate (AgNO3) (Tekkim 

Laboratory Chemicals) and sodium borohydride (NaBH4) 

(Sigma-Aldrich) were used for the production of conductive 

nanofibers. All the chemicals were used without further 

purification.  

2.2. Methods 

A schematic view of the procedure followed in this study is 

given in Figure 1.  

Solution preparation: A blend of PAN/AgNO3 solution 

was prepared in DMF. In order to prepare PAN/AgNO3 

nanofibers, 7% wt. PAN was dissolved in DMF and stirred 

on a hot plate at 75 ˚C until it was dissolved completely. 

Afterwards, AgNO3 was added into the PAN solution with 

a weight of 3% of the polymer and sonicated for 2 minutes 

using a Velp Scientifica OV5 homogenizer (OV5 

Homogenizer, Velp Scientifica).   
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Figure 1. Schematic view of the procedure 

 
 

Electrospinning of PAN/AgNO3 solutions: In this study, 

electrospinning (Nanospinner NE300, Inovenso) was used 

to produce PAN/AgNO3 nanofibers by using a single 

nozzle with an internal diameter of 0.8 mm at a flow rate of 

1 ml/h. The applied voltage was 18 kV and the distance was 

kept at 13.5 cm. The nanofibers were collected on a glass 

slide placed on a rotating disc with a speed of 100 rpm. The 

schematic view of the electrospinning setup used in this 

study is given in Figure 2. 

The duration of the deposition time directly affects the 

optical transparency and the thickness of the samples, 

which also affects the sheet resistance. Preliminary studies 

showed that under 1 minute of deposition time, the 

thickness and the sheet resistance values of the samples 

were too low to measure. Above 10 minute of deposition 

time the optical transparency values of the samples were 

too low for optoelectronic applications. Therefore, the 

duration of the electrospinning was kept between 1-10 

minutes.  

 

 

Figure 2. Schematic view of the electrospinning setup 

Reduction process: In order to make PAN/AgNO3 

nanofibers conductive, a reduction process should be 

carried out. In the reduction process, AgNO3 is reduced to 

Ag [16, 28-30]. In this study, a chemical reduction was 

performed after electrospinning by using NaBH4 (1% wt. in 

water) to form silver nanoparticles within the fiber 

(Equation (1)). Thus, conductive nanofibers were obtained. 

Preliminary studies showed that reduction duration has a 

significant effect on the conductivities of nanofibers and the 

highest conductivity was achieved with longer durations 

[30]. Therefore, the same procedure was followed in this 

study. After reduction, the samples were dried at 40 °C for 

2 hours in an incubator (Nüve-EN 025) and kept in room 

conditions for 2 days. 

AgNO3 + NaBH4 → Ag + H2+ B2H6 + NaNO3                 (1) 

Characterization of PAN/AgNO3 nanofibers: A digital 

micrometer was used to calculate the thickness of the mats. 

The diameters and the morphologies of the nanofibers were 

examined by a Carl Zeiss Evo 40 scanning electron 

microscope (SEM). The sheet resistance values of the 

nanofibers were measured by a Four-Point Probe System 

(FPP 470-Entek Elektronik). Optical transparency values of 

the nanofibers were obtained by using a UV-visible 

spectrophotometer (Shimadzu- UV 3600 plus) with 0.1 nm 

resolution in the 280-2500 nm range. Specifically, the 

visible spectrum (380-750 nm spectrum band) was 

considered for each sample [31-33]. 

In this study, five sets of samples were produced from 1 

min to 10 min. The thickness, the sheet resistance and the 

transparency measurements were performed on these 

samples. Average values for each sample were recorded. 

Calculation of Figure of Merit: The figure of merit (ΦTC) 

is a useful tool to compare the performance of transparence 

conductive coatings when their electrical sheet resistance 

and optical transmission are known. It is derived from 

optical transparency and sheet resistance values and it can 

be used to predict transparent electrode properties of a 

candidate material. Higher figure of merit results in a better 

quality of transparent conductive electrode [33-37]. The 

figure of merit is first introduced by Fraser and Cook to 

understand the performance of conductive and transparent 

films of In2-xSnxO3-y [34]. They obtained the figure of merit 

simply by dividing optical transparency by sheet resistance 

of the film given in Equation (2), 

                                                                            (2) 
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where T is the optical transmittance at 500 nm and Rs is the 

sheet resistance. The equation is modified by Haacke as 

described in Equation (3) [35], 

                                                                            (3) 

where T is the optical transmittance at 550 nm and Rs is the 

sheet resistance. Values of x equal to 10, 20, and 100 lead 

to transmissions of 90%, 95%, and 99%, respectively. Since 

few applications require more than 90% transmission, 

Haacke settled on x=10 [36]. 

There are also other figures of merit calculations reported in 

the literature [36]. However, the figures of merit given in 

Equation (2) and (3) are useful functions for comparison 

purposes [33-37]. Therefore, in this study the figure of 

merit was obtained by using Equation (3). 

 

3. RESULTS AND DISCUSSIONS 
 

Results of mat thickness, sheet resistance, and transparency 

measurements and the figures of merit of the electrospun 

nanofibers are given in Table 1. The mat thickness was 

increased with the increasing deposition time, as expected. 

The lowest average value achieved was nearly 4 µm for the 

sample deposited for 1 minute, while the highest average 

value was almost 42 µm for the sample deposited for 10 

minutes.  

Changing deposition time doesn’t have any effect on fiber 

morphology. It only changes the number of the nanofibers 

deposited on the glass slide. Figure 3 shows the general 

surface topography of the produced nanofibers before and 

after the reduction process. Randomly aligned, smooth 

nanofibers with uniform diameters were produced. The 

diameters of the nanofibers were around 700 nm. It was 

seen that the reduction process did not change or damage 

the nanofiber structure significantly.  

Increasing the contact points between the nanofibers 

decreases the sheet resistance. With the increasing 

deposition time, the nanofiber amount and the number of 

contact points between the nanofibers increases leading to a 

decrease in the sheet resistance [38]. The sheet resistance 

values of the samples were changed in the range of 43.34 to 

1.16 MΩ/sq depending on the deposition time. The lowest 

sheet resistance was achieved for the sample deposited for 

10 minutes (Table 1). Electrical conductivity is inversely 

correlated to sheet resistance. Therefore, a decrease in the 

sheet resistance indicates an increase in the electrical 

conductivity [3, 4, 38]. 

 

 

 

Figure 3. SEM image of the nanofibers a) before, b) after reduction with NaBH4 

 

Table 1.  Experimental results 

Deposition Time 

(min) 

Mat Thickness 

(µm) 

Sheet Resistance (Rs) 

(MΩ/sq) 

Transmittance (T) 

(%) 

Figure of Merit (ΦTC) 

(1/Ω) 

1 3.80±0.84 43.34±2.42 96.45±0.29 156 x 10-9 ± 0.926 x 10-9 

2 7.40±1.82 26.49±8.07 94.57±1.05 216 x 10-9 ± 3.96 x 10-9 

3 11.40±2.07 14.79±2.90 90.31±2.73 242 x 10-9 ± 5.42 x 10-9 

4 15.80±2.28 9.78±1.65 80.44±6.25 126 x 10-9 ± 7.80 x 10-9 

5 21.40±5.13 6.38±2.34 72.11±4.97 5.51 x 10-9 ± 2.30 x 10-9 

6 24.80±6.06 5.07±1.49 69.94±4.40 4.64 x 10-9 ± 2.26 x 10-9 

7 31.60±6.07 3.26±1.62 58.45±8.86 1.83 x 10-9 ± 1.75 x 10-9 

8 34.80±5.40 2.82±1.38 55.08±8.35 1.27 x 10-9 ± 1.14 x 10-9 

9 37.80±4.92 2.18±1.48 51.47±6.34 0.663 x 10-9 ± 0.347 x 10-9 

10 41.80±4.32 1.16±0.98 46.31±2.70 0.416 x 10-9 ± 0.288 x 10-9 
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Transparency of the nanofibers is low. Therefore, an 

increase in the number of nanofibers in a defined area leads 

to a decrease in the transparency. Table 1 shows the change 

in optical transmittance values depending on the deposition 

time. The visible spectrum (380-750 nm spectrum band) 

was considered for each sample. Highest transmittance 

(~96%) was achieved for the samples deposited for 1 min 

and lowest transmittance (~46%) was achieved for the 

samples deposited for 10 min. 

Optical transparency and sheet resistance are crucial for 

optoelectrical applications. A good optoelectrical device 

should have both high optical transparency and low sheet 

resistance. In this study, increasing the number of 

nanofibers decreases the sheet resistance and the 

transparency, as expected. Therefore, a good balance 

between sheet resistance and transparency should be 

achieved. The figure of merit (ΦTC) can be used for this 

purpose [33-37]. In this study, the highest figure of merit 

was achieved for the samples deposited for 3 minutes 

indicating that they have better optoelectrical properties 

than the other samples (Figure 4, Table 1). This means that, 

3-minute deposited nanofibers have the best performance 

within all the samples in terms of transparency and sheet 

resistance. 

 

Figure 4. Figure of merit values of the samples 

 

4. CONCLUSIONS 

The significance of this study is to characterize the electrical 

and optical properties of the conductive PAN/AgNO3 

nanofibers. PAN/AgNO3 nanofibers were produced by 

electrospinning with different deposition times ranging 

from 1 minute to 10 minutes and the effect of deposition 

time on the electrical and optical properties of PAN/AgNO3 

nanofibers was investigated. 

PAN/AgNO3 nanofibers with smooth surfaces were 

successfully produced. In order to obtain Ag within the 

fiber, a reduction process was performed. The samples were 

characterized in terms of their surface morphology, optical 

transparency and electrical conductivity.  

With the increasing deposition time, the sheet resistance 

and the optical transparency of the samples were decreased. 

The lowest sheet resistance (1.16 MΩ/sq) was achieved for 

the sample deposited for 10 minutes. In addition, these 

samples gave the lowest optical transparency with a value 

of 46.31%.  

In order to compare the performances of the samples, the 

figures of merit were calculated. The nanofibers deposited 

for 3 minutes gave the highest figure of merit value. This 

indicates that sample deposited for 3 minutes have the best 

optoelectrical properties. 

This study shows that, electrically conductive and optically 

transparent nanofibrous surfaces can be successfully 

produced by electrospinning with the addition of AgNO3 

into the spinning solution. Although the sheet resistance 

values are relatively high, PAN/AgNO3 nanofibers are 

promising for optoelectrical applications. 
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