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ABSTRACT

High electrical conductivity, high transparency and mechanical flexibility are

important properties in generations of transparent conductive electrodes. Cur-

rently the most efficient and widely used transparent conductive material is

Indium Tin Oxide. Searching for alternative materials has been being followed

due to the lack of Indium resources, ITO inflexibility and its high manufacturing

costs. In the present study, silver nanowire as a promising alternative to ITO

was synthesized through polyol method and then silver nanowire layer was

applied on glassy substrates using drop-casting method. Adhesion between the

layer and the substrate was established using polyaniline. Characterization of

the thin film was conducted using X-ray diffraction methods, field emission

scanning electron microscopy, UV–Vis spectroscopy and a four-point probe. The

results show that corrective deoxidation operations and separation of nanowires

from nanoparticles, leads to an increase in transparency from 79 to 81.4% and

decrease sheet resistance of 89 to 76 X/h.

1 Introduction

Transparent conductive electrodes(TCEs) play a

critical role in many modern devices such as solar

cells, monitors, smart touch screens and transparent

heaters. Requirement of transparent conductive

materials (TCMs) have made industrialists and sci-

entists seek for the best alternatives to ITO, the most

efficient and common material so far. This matter is

originated from economics and physical factors: i.e.,

ITO’s cost increases due to the scarcity of Indium

resources. Moreover, its fragility makes it incompat-

ible with the flexible sublayers that are becoming

more and more practical [1–3].

In order to pursue alternative next-generation

TCEs, various attempts have been made using new

types of functional and nanoscale materials, such as

carbon nanotubes, graphene conductive polymers

and metal oxides. Among the candidates, silver

nanowires (AgNWs) have been attracting more and

more attention because of their intriguing electrical,

thermal, and optical properties [4].

Interconnected metal nanowires’ network (MNW)

brings high flexibility, significant optical trans-

parency and suitable electrical conductivity alto-

gether. Metal nanowires represent good transparency

and conductivity similar to ITO-based electrodes

because of their long length and their low thickness,

whereas the amount of consumable materials com-

pared to ITO is less. furthermore, metal nanowire’s

network shows impressive adaptability with
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deposition processes and could be used on a large

scale [4–6].

So far, various metal nanowires such as copper,

gold, nickel-copper nanowires have been synthesized

and deposited on transparent surfaces with promis-

ing properties. Most of the studies are focused on

silver nanowire’s network due to the privileged

physical properties of silver, which has the most

electrical conductivity in the room temperature and

second, its scalable synthesis [7–10].

After the deposition process, metal nanowire net-

work’s electrical resistance is usually high. This

problem is related to insufficient contact between

nanowires or presence of organic impurities like PVP

crusts at junctions. A decrease in network’s electrical

resistance could be achieved through some methods

like heating during the chemical process, sintering by

laser, induced plasma welding with light in the scale

of Nano or mechanical pressure [11–14].

In 2016 Bari et al. [15] synthesized Ag nanowire

with 200 to 500 lm of length with an average diam-

eter of 45–65 nm. They used spin coating method to

deposit the film on a glass substrate and the film

lacked of adhesion. To obtain an alternative trans-

parent conductive electrode to ITO, presenting at

least a transparency of 80% and a sheet resistance of

less than 100 X/h is required.

In the present study, after silver nano wire was

synthesized, drop-casting is used instead of spin

coating method, which is a cheaper method and leads

to less consumption of electrical energy, and

polyaniline was deposited onto the film to improve

the adhesion between the film and the substrate so

that the film can be used widely in industrial appli-

cation. Also, deoxidation operations and separation

of nanowires from nanoparticles were used to

increase in transparency and decrease sheet resis-

tance of synthesized silver nanowire transparent

conductive electrodes. Moreover, annealing process

was performed as a post treatment process to

decrease the sheet resistance at the junctions.

2 Experimental

2.1 Synthesis of silver nanowires

The required amounts of different materials to syn-

thesis nanowires are 4 g of Poly vinyl pyrrolidone,

0.2038 g Silver Nitrate, 0.1402 g Sodium Chloride and

0.48 g Glucose. Poly vinyl pyrrolidone, Sodium

Chloride, Glucose and Silver Nitrate are, respectively,

dissolved in 20 ml, 60 ml, 20 ml and 60 ml of distilled

water separately at room temperature except for

polyvinyl pyrrolidone that is dissolved at 65 �C.
First, Glucose solution was added to Silver Nitrate

solution and mixed with a stirrer for 8 min. Next, the

Poly vinyl pyrrolidone solution was brought to room

temperature and then was added to the stirring

solution. 20 min later, sodium chloride solution was

added dropwise to the solution, and stirred for

15–20 min until the reactions are gradually complete.

The final solution was put in an autoclave with a

capacity of 200 ml and placed in the oven for 22 h at

160 �C. The solution was poured equally into 6 cen-

trifuge special tubes. Tubes were centrifuged for an

hour in 2500 rpm until the separation operation is

complete.

2.2 Silver nanowire deposition

After separating the nanowires from the solution in

each tube, they were washed three times with dis-

tilled water and three times with isopropanol to

ensure that the Poly vinyl Pyrrolidone has been

removed completely. Each step of washing involves

dispersing the nanowires in distilled water and then

in ethanol. Then they were centrifuged at 2500 rpm

for 10 min. The washing operation continues until the

primary transparency of ethanol is seen which indi-

cates the complete removal of poly vinyl pyrrolidone

from the solution. In case of any problems at this step

deposition won’t be successful and will increase

sheet resistance due to the presence of Poly vinyl

pyrrolidone.

After washing stage, the resulted white substance

was dispersed in 30 ml of isopropanol, and deposited

onto the samples with various concentrations. Sam-

ple preparation includes washing the glassy samples

with degreasing liquid and then with ethanol twice.

Drop-casting was used as the deposition method. In

this method, after silver nanowire synthesis, inks

with different amounts of 35, 28, 20, 10 and 5 ml of

isopropanol were prepared and with each of these

amounts, a sample was coated. The coated sample of

the most diluted ink (35 ml) was named A. Similarly,

the sample coated from a solution of 28 ml B, 20 ml

C, 10 ml D and the sample coated from the 5 ml ink

was named E. In order to measure the sheet resis-

tance of the above samples, a Four-point probe was
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used. After that, the transmission was measured at

wavelengths from 300 to 900 nm by a Jasco invisible-

ultraviolet spectrometer, made in Japan model V-670.

To identify the phases in the sample, XRD test was

done by a Bruker device made in Germany model D8

Advance.

In order to improve the results, the effect of

annealing at different temperatures was considered.

In order to achieve the optimal annealing tempera-

ture, three samples named P, N and M with random

amounts of silver nanowire ink, were coated and

then, before and after annealing at 120,160 and

180 �C, Four-point probe test was done and it was

determined that the temperature of 160 �C is the

optimal temperature for annealing after the optimal

annealing temperature was achieved, inks containing

28, 20 and 10 ml isopropanol were produced and

samples D2, C2, B2 were coated using the same drop-

casting method. Annealing process was applied as

well. Then a Four-point probe test was done in order

to obtain optimal results. In the final step, in order to

improve adhesion between the silver nanowire and

the glassy sublayer, 0.3 g of polyaniline dissolved in

10 ml of distilled water, was drop casted onto the

samples and then, a Four-point probe test was done.

Also, FE-SEM analysis was used to show silver net-

work in great detail.

3 Results and discussion

3.1 Materials characterization

After nanowire was obtained through centrifuge and

was washed with distilled water and isopropanol, it

was dispersed in different amounts of isopropanol

and after the glassy samples were prepared, deposi-

tion was done using drop-casting method. Figure 1

shows the coated samples 5 inks were prepared with

different amounts of 35 ml, 28 ml, 20 ml, 10 ml and

finally 5 ml of isopropanol. The light transmission

amount and the sheet resistance of the samples are

influenced by the concentration of the inks. Different

densities in different samples that are due to the

different ink concentration are shown in Fig. 1. The

more nanowire disperses in a smaller amount of

isopropanol solution, the higher the density of film

will be. Therefore, in the FE-SEM images of Fig. 2, it

can be clearly seen that with decreasing the concen-

tration of solution, the density of nanowires in the

film increases and this increase in density will affect

the transparency as well as sheet resistance of the

samples. A denser film will contain more electrical

paths and as a result, higher conductivity. On the

other hand, with the increase in the concentration of

nanowires, the surface roughness will increase and

therefore the scattering and reflection from the sur-

face will increase. As a result, transparency is

reduced.

After FE-SEM tests, in order to identify the present

phases in the samples, XRD test was done. Figure 3 a

shows the peaks extracted from XRD test. (By

matching the peaks with the reference samples, the

phases in sample E have been identified by xpert

software and are presented in Table 1.

As shown in Table 1, in addition to silver metal, the

sample also contains chloride and oxide phases. The

resulting peaks at 38, 44, 64 and 78 degrees are,

respectively, assigned to the plates (111), (200), (220)

and (311) of body centered cubic (BCC) silver.

According to Xpert software, peaks of 25, 32 and 34,

respectively, indicate the presence of silver chloride

and silver oxide.

3.2 Influence of removing particles

In the FE-SEM images, it is obvious that the film

contains both nanowires and nanoparticles. In Fig. 4,

it can be clearly seen that sample B with the lowest

film density compared to samples C, D and E has the

highest transparency, which is due to the less amount

of nanowires that cause less scattered and reflected

light beam. In fact, an inverse relationship between

the density of nanowires and the amount of light

transmission is considered. Furthermore, as men-

tioned, an inverse relationship between the nanowire

density and the sheet resistance of the sample is

conceivable. By combining these, it can be concluded

that there is a direct relationship between sheet

resistance and transparency. Similarly, sample E,

which is the most dense sample, has the lowest sheet

resistance of 22 X/h and it also has the lowest

transparency of 47%.

As seen in Fig. 4 the transparency in silver nano-

wire samples remains constant at different wave-

lengths between 360 and 700 nm and even higher

(1700 nm) wavelengths; however, ITO samples do

not show such stability [16, 17]. This is what makes

silver nanowire much more practical in various

industries compared to ITO.
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The problem in synthesis of nanowires is the

existence of the ineluctable nanoparticles, which not

only reduces sheet resistance, but also reduces the

transparency of the samples. it’s been one of the

major issues to avoid and remove the aggregates. As

shown in the EF-SEM figures, aggregate removal

process is an essential requirement for the present

samples. Therefore, efforts to solve this problem were

made just before centrifuge stage, as follows:

First, deionized water was added and after dilu-

tion, 80 ml acetone was added. The resulting water–

acetone density is more than the density of trapped

water inside the agglomerate, so agglomerated par-

ticles float on the top of liquid. Finally, the upper part

was removed via a pipette quite easily the precipi-

tated part, was dispersed in distilled water. Then

centrifuge was done in order to remove Poly vinyl

pyrrolidone.

Fig.1 Glassy samples covered

by silver nanowires namely a,

b, c, d, e

Fig. 2 FE-SEM images of samples a, b, c, d, e
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Figure 5a,b are FE-SEM images before and after the

processes above. Figure 5a refers to the unprocessed

ink so that much space is occupied by the aggregates

and Fig. 5b refers to the optimal sample achieved by

the process. As a matter of fact, since aggregates were

separated, it is going to enhance the transparency of

the sample.

As shown in Fig. 6, The maximum transmission in

sample B is 91.03%, which occurs at the wavelength

of 526 nm, while the maximum transparency of the

sample with the same concentration of nanowires

after removal process (named B2) is 92.8%.

Similarly, transparency increases in samples C and

C2 from 78.7 to 81.4% and in samples D and D2 from

63.4 to 67.1%. This increase in transparency is due to

the reduction of nanoparticles in the film.

3.3 Influence of annealing

3.3.1 Deoxidation

Researches show that the chloride unwanted phase

does not adversely affect the desired properties of the

transparent electrode like conductivity and trans-

parency. However, increasing the reaction time, and

the resulting pressure in the autoclave or even sun

light, leads to the decomposition of the silver chloride

phase [15].

Unlike the chloride phase, silver oxide, which is a

p-type semiconductor with a blackish-brown color

can increase the sheet resistance of the sample and

makes the result unfavorable for use as a transparent

conductive electrode[18]. Although silver is normally

considered a noble metal (other than at its melting

point) and does not have a significant reactivity, it is

considered the most reactive metal among noble

metals. According to the reversibility of the compo-

sition of silver oxide reaction, the oxide phase

decomposes into metallic silver and oxygen gas at

temperatures between 160 and 300 �C [19] this is the

exact reverse of the composition reaction, which is

achieved through annealing at 160 �C for 15 min. In

order to eliminate the chloride phase, the reaction

time in the oven was increased from 18 to 24 h, so

that the chloride phase is decomposed and converted

to pure metallic silver. After performing the actions

above, XRD test was done again. The result of this

test is presented in Fig. 3 b. It is determined by X-pert

software that the only phase in the film structure is

the silver phase, while the chloride and oxide phase

Fig. 3 a XRD test of sample E before modification processes,

b XRD test of the modified sample

Table 1 Phases in sample E

Line color Compound name Formula PDF number

Silver-3 ITC RG, syn Ag 04-0783

Chlorargyrite, syn AgCl 31-1238

Silver Oxide Ag2O 42-0874

Fig. 4 Transparency of samples A, B, C, D, E at wavelengths

from 300 to 800 nm
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have been removed from the sample. Table 2 is

extracted from X-pert software and indicates the

existence of the only phase which is silver.

3.3.2 Junctions

As the density of silver film increases, more con-

ductive paths are created, which lead to more con-

ductivity [15]. Therefore, sheet resistance of a sample

with more density would be less than a sample with

less density. Of course, this increase in density will

lead to an increase in the collision of nanowires and

the created junctions. In fact, the junctions are the

places of electricity loss and will cause an increase in

sheet resistance. Using a Four-point probe, the sheet

resistance of the samples was measured; the results of

this test are reported in Table 1.

Since junctions are the susceptible areas where

most energy loss occurs, stronger connection at

junctions should be created.

Not only deoxidation but also stronger connection

at junctions could be achieved by annealing process,

which can lead to less sheet resistance. It is clearly

shown in Fig. 7a, b that stronger connection between

nanowires as the result of annealing process is

achieved.

As shown, Fig. 7a refers to the first sample which

was not annealed, whereas Fig. 7b refers to the

annealed sample (Table 3).

As shown in Fig. 7a, the connection between

nanowires is extremely weak because of not doing

annealing process and the weak connection that was

mentioned, increases energy loss and therefore

increases sheet resistance of the sample. Table 4

shows the sheet resistance of different annealed and

non-annealed samples. Although annealing at 120 �C
reduced the sheet resistance of the sample, it has not

been significant, and this is due to the insufficient

temperature and time for diffusion. Diffusion, which

means displacement of mass due to the transfer of

atoms, is directly dependent on temperature.

It is expected that by increasing the temperature

over 160 �C, sheet resistance decreases due to the

easier diffusion process. However, Table 4 shows

Fig. 5 a FE-SEM tests of the unmodified sample containing aggregates, b FE-SEM tests of the modified sample with less particles

Fig. 6 Transparency at wavelengths 300 to 800 nm in the samples

with and without particles namely B, B2, C, C2, D, D2

Table 2 Present phases of the modified sample

Line color Compound name Formula PDF number

Silver-3 ITC RG, syn Ag 04-0783
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that, there has not been a reduction, but instead there

has been an increase in the sheet resistance of sample

P, that could be because of a change in the hexagonal

structure and its formation. As the temperature con-

tinues to increase, the nanowires become unsta-

ble and the phenomenon of Rayleigh instability

occurs [20], leading to the spheroidisation of the

nanowires. Indeed, the AgNW network minimises its

surface energy and the nanowires break down into

small semi-spherical particles forming a line of

spheroids this leads to the destruction of network

conduction, since the nanowires are no longer

interconnected.

3.4 Electrical and optical properties

4 Samples that share the same
concentration with samples D, C, and B
with the mentioned optimizing
processes were made and were named
D2, C2, B2.

These samples were tested before and after annealing

at 160 �C for 15 min in order to investigate the effect

of the processes. In Table 5 the result of 4-point probe

test is reported.

As shown in Table 5, the sheet resistance of sample

B reduced from 130 to 117 X/h by annealing at

160 �C for 15 min.

Similarly, in sample C, with a 13-unit decrease in

the sheet resistance by annealing and thus reducing

energy loss at junctions, sheet resistance reached

76 X/h.

In sample D, due to the high density of nanowires

and more junctions in this sample compared to the

other samples, the energy loss is higher, so by

annealing at the optimum temperature of 160 �C for

15 min and creating stronger connections at

Fig. 7 a The sample before annealing, b The sample after annealing at 160 �C for 15 min

Table 3 4-point probe test results

Sample E D C B A

Sheet resistance ( X/h) 22 55 89 89 486

Table 4 Sheet resistance at different temperatures

Samples P N M

Not annealed sheet resistance 93 110 354

Sheet resistance after annealing at 120 92 108 345

Sheet resistance after annealing at 160 88 98 323

Sheet resistance after annealing at 180 91 96 317

Table 5 Sheet resistance of samples D2, C2, B2

Sample B2 C2 D2

Sheet resistance after annealing at 160�c 117 76 43

FoM (9 10-3) 4.8 1.8 0.5
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junctions, the greatest reduction in the sheet resis-

tance in this sample has been achieved (17%) which is

43 X/h.

To evaluate transparent conductive electrodes, the

Figure of merit (FoM) is a typical parameter com-

monly used, which applies to optimize electrode

designs. The FoM is calculated with the sheet resis-

tance (Rs) and the optical transmittance (T) as defined

by Haacke as follows [21].

Figure of merit ¼ T�10
�
Rs

As shown in Table 5 the figures of merit for sam-

ples C2 with a sheet resistance of 76 X/h and trans-

parency of 81.4% and B2 with a sheet resistance of 117

and transparency of 94.5% are 1.8 9 10-3 and

4.8 9 10-3, respectively, and could have various

usages in different industries.

Lack of adhesion between silver nanowires and

glassy substrates has always been a problem of silver

nanowires. A glassy sample was coated after the

surface was prepared and its sheet resistance was

measured.

After the sheet resistance in different parts of the

sample was measured, 0.5 ml of polyaniline solution,

with the intention of bringing adhesion and pre-

venting from oxidation, was coated onto 2 cm2 of the

sample using Mayer-rod coating method.

After the sample dried up, a 4-point probe test was

conducted, and the results are given in Table 6. The

results indicate about threefold increase in the sheet

resistance of the sample after polyaniline was coated,

which is due to the diffusion of polyaniline into the

junctions of the nanowire network.

5 Conclusion

In the present study, silver nanowires were synthe-

sized using polyol method and silver nanowires were

deposited onto glassy samples using drop-casting

method, with the aim of maintaining transparency

and bringing electrical conductivity in glassy

samples.

• The optimal sample was made with a sheet

resistance of 76 X/h and a transparency of 81.4%.

• Deoxidation caused an approximate reduction of

8 to 9% in the sheet resistance of the sample.

• Annealing operation at the optimal temperature

caused 4% reduction in sheet resistance.

• There was a 5% increase in the transparency of the

sample when nanoparticle aggregates were

removed.

• A threefold increase in the sheet resistance of

samples were reported after polyaniline was

coated onto the silver nanowire film.
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