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ABSTRACT 
Silver nanowire films are promising alternatives to tin-doped indium oxide (ITO) films as transparent conductive 

electrodes. In this paper, we report the use of vacuum filtration and a polydimethylsiloxane (PDMS)-assisted 

transfer printing technique to fabricate silver nanowire films on both rigid and flexible substrates, bringing 

advantages such as the capability of patterned transfer, the best performance among various ITO alternatives 

(10 Ω/sq at 85% transparency), and good adhesion to the underlying substrate, thus eliminating the previously 

reported adhesion problem. In addition, our method also allows the preparation of high quality patterned films 

of silver nanowires with different line widths and shapes in a matter of few minutes, making it a scalable process. 

Furthermore, use of an anodized aluminum oxide (AAO) membrane in the transfer process allows annealing of 

nanowire films at moderately high temperature to obtain films with extremely high conductivity and good 

transparency. Using this transfer technique, we obtained silver nanowire films on a flexible polyethylene 

terephthalate (PET) substrate with a transparency of 85%, a sheet resistance of 10 Ω/sq, with good mechanical 

flexibility. Detailed analysis revealed that the Ag nanowire network exhibits two-dimensional percolation behavior 

with good agreement between experimentally observed and theoretically predicted values of critical volume. 
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1. Introduction 

Materials with a combination of high electrical 

conductivity and optical transparency are important 

components of many electronic and optoelectronic 

devices such as liquid crystal displays, solar cells, and 

light emitting diodes [1–3]. Doped-metal oxides such 

as tin-doped indium oxide (ITO) and fluorine-doped 

tin oxide (FTO) have been leading candidates for 

these technological applications [4–6]. Although ITO 

and related materials have witnessed 50 years of 

extensive research and subsequent applications, 

recently, there has been a quest to look for materials 

that can replace ITO as the most important transparent 

conductive electrode (TCE). This need mainly arises 

because of the rising cost of ITO (due to low availability 

of indium sources), its brittleness and hence limited 

applicability in flexible electronic devices, and the  
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high temperature processing step required to fabricate 

it. Towards this objective, various alternatives have 

been pursued by different groups, among which thin 

metal films [7, 8] and metal grids [9, 10] have shown 

performance comparable to ITO. However, these 

approaches require processing and fabrication using 

high vacuum equipment and the resulting TCEs show 

limited bending ability. Carbon nanotube (CNT) films 

[11–15] and, more recently, graphene films [16–19] 

have attracted significant attention and have been 

successfully used as the TCE in organic light emitting 

diodes [20–22] and solar cells [23, 24]. However, their 

performance in terms of sheet resistance and 

transparency is still inferior to ITO, creating a need to 

continue the quest for new materials which can act as  

cheap and reliable TCEs. 

Very recently, two pioneering approaches were 

reported in which metal nanowire networks were used 

to fabricate TCEs [25, 26] and the resulting metal 

nanowire TCEs were successfully used in organic 

solar cells [25]. Both reports represent significant and 

exciting advancements in the effort to replace ITO; 

however, the silver nanowires used by Lee et al. [25] 

had a surfactant coating of polyvinylpyrrolidone (PVP) 

molecules and required a high temperature (200 °C) 

annealing step to obtain good conductivity. This limits 

application of these nanowires on flexible polyethylene 

terephthalate (PET) as a substrate. The transfer 

method reported by De et al. [26] enables transfer of 

silver nanowire films to flexible substrates, but this 

method suffers from poor adhesion between the 

nanowire film and PET, and is inherently a chemical- 

intensive process requiring very careful and exhaustive  

transfer techniques. 

In this paper, we demonstrate a facile polydime- 

thylsiloxane (PDMS)-assisted dry transfer printing 

technique [15] to fabricate a TCE using Ag nanowires, 

bringing advantages including easy and fast transfer 

to both rigid and flexible substrates, good adhesion 

between the nanowire film and the substrate, and  

the patterned transfer of various line widths and 

geometries to obtain pixilated electrodes. Rogers’ group 

has previously extensively studied the stamp-assisted 

dry printing technique and has demonstrated printing 

of various metal and semiconductor nanostructures 

[27–31]. In our case, the use of an anodized aluminum 

oxide (AAO) membrane allows annealing of nanowires  

which results in their fusion. In this way, superior 

quality silver nanowire films were obtained with a sheet 

resistance (Rsh) of 10 Ω/sq at an optical transmittance 

(T) of 85%. This Rsh value at 85% transparency is at least 

an order of magnitude lower than that observed for 

CNT and graphene films, and is comparable to the 

values reported for Ag nanowire electrodes such as 

Rsh = 13 Ω/sq with T = 85% [26] and Rsh = 16.1 Ω/sq with 

T = 86% [25]. In addition, a detailed study of the con- 

duction behavior of our films using percolation theory 

[32–34] shows critical exponent value (α) of 1.42 which  

is indicative of two-dimensional (2-D) percolation 

behavior, with good agreement between experimentally 

observed and theoretically predicted values of critical  

volume. 

2. Experimental 

Silver nanowires used during the fabrication of  

films were purchased from Seashell Technologies  

and supplied with a concentration of 12.5 mg/mL in 

isopropyl alcohol. The dispersion was further diluted 

to a concentration of 0.208 mg/mL in isopropyl alcohol 

which was subsequently used in all the transfer 

processes. PDMS stamps were fabricated using a 

SYLGARD 184 silicone elastomer kit (Dow Corning, 

Inc.). Patterned PDMS was made by standard optical 

lithography using an SU-8-50 resist (MicroChem Corp.). 

The silver nanowire dispersion was vacuum filtered 

by using an AAO filter (47 mm, 0.2 µm, Whatman plc). 

The nanowire film was transferred onto PDMS by 

making a conformal contact between the filter and 

stamp. Glass substrates were functionalized by 

3-aminopropyltriethoxysilane (APTES) by dipping in 

a 1 mmol/L solution for 20 min and then blow dried. 

No functionalization was performed on PET. The 

receiving substrate was placed on a hotplate at 120 °C, 

and PDMS was pressed against it for ~1 min. The 

receiving substrate was removed slowly and the silver  

nanowire film was obtained. 

Optical transmission spectra were obtained using a 

Varian Cary 50 Conc spectrophotometer, with bare PET 

used as the reference. Scanning electron microscopy 

(SEM) micrographs were obtained using a JEOL 7001 

field emission scanning electron microscope. Sheet 
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resistance was measured using four-probe techniques 

by depositing silver paint at the corners in a square 

shape with sides of ~3 mm and at least 10 locations 

across the sample, and values reported are the average 

value obtained across the entire film. An Agilent 4156B 

Semiconductor Parameter Analyzer was used as a 

source meter for sheet resistance measurement. The 

nanowires on the AAO membrane were annealed in air 

on a hotplate at 200 °C for various durations. Bending 

tests were performed by placing the film between 

two platforms and bending the films by reducing the 

distance between the platforms. Sheet resistance 

measurements were performed at various bending 

angles by placing four probes on the films with silver  

paint at the corners (see the inset in Fig. 5 for details). 

3. Results and discussion 

Figure 1(a) shows a schematic illustration of the transfer 

process. Briefly, a measured amount of a silver 

nanowire suspension (as received, without any 

intentional surfactant coating) in isopropyl alcohol 

(IPA) was filtered on a commercially available AAO 

membrane to obtain a uniform film of nanowires. A 

PDMS stamp was brought into contact with the AAO 

membrane and the nanowire film was picked up on the 

stamp with a yield of 100%. The PDMS stamp bearing 

the nanowires was pressed against the receiving 

substrate at a moderate temperature (as described in 

the Experimental section). The pressure was released 

after a few minutes and the PDMS stamp was peeled 

off slowly from the substrate resulting in transfer of 

the nanowires to the substrate. The entire process 

takes only a few minutes and the size of the transfer 

is limited only by the size of the starting AAO 

membrane. We note that the same PDMS stamp and  

the AAO membrane can be used multiple times.  

We used both glass and PET substrates to transfer 

 

Figure 1 (a) Schematic representation of the transfer process: (i) pressing of the PDMS stamp against the silver nanowire film on the

AAO membrane; (ii) peeling off the PDMS stamp; (iii) pressing the PDMS stamp with Ag nanowires on the receiving substrate; (iv) peeling

off the PDMS stamp leaving the nanowire film on the receiving substrate. (b) Photograph of a silver nanowire film transferred onto PET.

Arrows show the boundary of the nanowire film. (c) Photograph of a nanowire film on a glass substrate. (d) Photograph of a nanowire

film on PET showing the flexibility of film. (e) Photograph showing the results of adhesion tests. Nanowires remain adhered to the PET

substrate when sticky tape was peeled off from the area shown by dotted lines. SEM images of the (f) left, (g) top, (h) right and (i)

bottom regions of the film shown in Fig. 1(b), demonstrating uniformity of the film across the entire area 
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large area nanowire films. Figures 1(b) and 1(c) show 

optical micrographs of the nanowire films on PET and 

glass, respectively. The films are highly transparent 

as the letters in the background can be clearly seen 

through the film. Figure 1(d) illustrates the flexibility 

of the transferred film on PET. We note that while the 

nanowire film could be transferred onto the PET 

substrate without the aid of any adhesive layer, the 

film could not be transferred onto the bare glass 

substrate. This can be explained in terms of the weak 

adhesion of noble metals such as silver with the highly 

polar SiO2 surface [35]. On the other hand, the PET 

surface is characterized by a dominant dispersive 

component in its surface tension, promoting stronger 

adhesion to noble metals [35]. In order to achieve good 

transfer onto the glass substrate, we functionalized 

the glass surface by depositing a monolayer of APTES 

molecules, which makes the surface slightly positively 

charged because of the presence of NH2 groups, 

facilitating transfer of the nanowires [36]. SEM 

micrographs of the film transferred onto the PET 

substrate reveal that transfer process is extremely 

uniform over the entire area of the film resulting in 

uniform density of nanowires everywhere on the 

substrate (Figs. 1(f)–1(i)). We note that our nanowire 

film adheres strongly to the underlying PET substrate, 

as opposed to a previous report where the adhesion 

between nanowires and PET was very weak, and the 

nanowires could be easily peeled-off from the substrate 

using sticky tape [26]. We tried to peel off the nanowire 

film from the PET substrate using sticky tape by firmly 

attaching it in the region shown by the dotted line in 

Fig. 1(e), but the nanowires remained on the PET 

without any visible change to the film, showing their 

strong adhesion with the substrate. We believe this is 

a result of strong conformal pressure applied by the 

PDMS stamp as opposed to the use of a flexible  

cellulose membrane used in the previous study [26]. 

The ability to obtain in-plane pixilation is a critical 

requirement for any display device such as an organic 

light-emitting diode (OLED). Our dry contact printing 

method is not only solvent-free, making it an inherently 

clean process, but also allows patterning of the nano- 

wire film to obtain pixels of nanowires on the substrate. 

We note that the previously reported cellulose-based 

transfer method suffers from limitations in its ability 

to fabricate patterned films over a large area. In our 

case, patterning is simply achieved by using a patterned 

PDMS stamp in place of a plane stamp. The transfer 

process remains the same, giving an unprecedented 

ability to obtain both patterned and unpatterned  

uniform nanowire films on any substrate. 

The patterned PDMS stamp was fabricated using 

standard optical lithography. Figure 2(a) shows a 

schematic illustration of the patterned PDMS stamp 

and Fig. 2(b) is an optical micrograph of a patterned 

nanowire film on a PET substrate. The length of the 

printed squares is 1 mm with a spacing of 0.5 mm 

between them. SEM inspection of the transferred region 

shows a high density of nanowires on the substrate, 

suggesting high fidelity of the patterned transfer 

process (Fig. 2(c)). Several kinds of patterns can be 

fabricated, with the minimum feature size limited by 

the resist used in optical lithography to pattern the  

stamp. 

In addition, deposition of the film of silver nano- 

wires on an AAO membrane allows the annealing  

of the film, resulting in further enhanced electrical 

conductivity in the films; in contrast, cellulose 

membranes cannot withstand high temperatures. To 

study the effects of annealing, we prepared Ag nano- 

wire films of various densities on AAO membranes, 

and then each sample was divided into two pieces after 

which one was annealed, and other was not. All the 

films were then transferred onto PET using a PDMS 

stamp, followed by thorough characterization. Figure 

3(a) shows plots of the sheet resistance vs. transparency 

of the nanowire films with different densities for 

samples with and without annealing. The values of 

the transmittance used for the plot correspond to λ = 

550 nm and the full transmittance spectra are shown 

in the inset of Fig. 3(a) for films with three different 

densities. Angular dependence of transmittance is 

shown in Fig. S-1 in the Electronic Supplementary 

Material (ESM). The transmittance changed by ~10% 

when the incident angle of the light was changed from 

0° to 60° with respect to the substrate normal. As 

expected, samples with higher transparency typically 

showed higher sheet resistance. Importantly, there 

was a significant decrease in the sheet resistance for 

films annealed at 200 °C for 20 minutes. For example, 

a sample with a transparency of 85% (at a wavelength  
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Figure 2 Patterned transfer of silver nanowire film. (a) Schematic 

diagram of the patterned PDMS stamp in contact with the nanowire 

film. (b) Photograph of patterned nanowire film transferred on the 

PET substrate. The size of each pixel is 1 mm × 1 mm. (c) SEM 

image showing the nanowire network in one pixel 

of 550 nm) had a sheet resistance of 30 Ω/sq without 

annealing, while the corresponding annealed sample 

showed a sheet resistance of 10 Ω/sq. The sheet resis- 

tance of 10 Ω/sq at 85% transparency for our nanowire 

film is comparable to both drop-coated films (16.1 Ω/sq 

at T = 86%) [25] and cellulose membrane assisted films 

(13 Ω/sq at T = 85%) [26]. We note that different 

preparation techniques are likely to be used for 

different applications, and further development of all 

three preparation methods may lead to even better 

performance. We also note that all our reported sheet 

resistance values are the average of many data points 

measured for different parts of the sample, giving a 

more accurate representation of the conductivity of 

the sample. Statistical data for the variation of sheet 

resistance values for a film with transmittance of 85% 

are shown in Fig. S-2 in the ESM. We attribute the 

increase in conductivity after annealing to the better 

contact and fusion between the nanowires. Similar 

results were obtained by Lee et al. [25]; however in 

their case, the primary objective for carrying out an 

annealing step was to remove the PVP-capping agents 

surrounding the nanowires during the synthesis. SEM 

images of the nanowires annealed on an AAO 

membrane clearly show melting and fusion of 

nanowires leading to superior contact between them 

(Fig. 3(b)). This further reduces the contact resistance 

between nanowires, resulting in highly conductive  

nanowire films. 

In order to optimize the annealing temperature and 

annealing time, we prepared samples with different 

densities of nanowires, corresponding to initial 

volumes of Ag nanowire solution of 0.3 mL, 0.75 mL, 

3 mL, and 8 mL, as shown in Fig. 3(d). It is evident 

from the figure that the nanowires form a percolated 

network which becomes denser with increasing disper- 

sion volume. We then carried out a time-dependent 

annealing study, with representative results shown in 

Fig. 3(c) for samples using 0.3 mL, 0.75 mL, and 3 mL 

of starting solution. A general trend of initial decrease 

and subsequent increase in sheet resistance with 

increasing annealing time can be seen for all the 

samples in Fig. 3(c). With a further increase in annealing 

time, the sheet resistance starts to increase because of 

droplet formation, consistent with the observation of  
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Lee et al. [25]. When the film is heated to 300 °C, the 

nanowires melt completely forming small droplets and 

losing all conductivity shown in Fig. S-3 in the ESM. 

This systematic study therefore gives an optimized 

annealing temperature of 200 °C and an optimized 

time of 20 min in order to obtain highly conductive 

films without disrupting the integrity of the nanowire 

network. A decrease in the sheet resistance of all the 

films by a factor of three was observed after annealing. 

A two-probe measurement of the nanowire film showed 

linear current–voltage characteristics, demonstrating 

the ohmic behavior of the nanowire film shown in 

Fig. S-4 in the ESM. Nanowire films showed no 

appreciable change in sheet resistance after exposing  

the films to ambient conditions for 90 days. 

Further analysis of Ag nanowire films was carried 

out by studying the percolation behavior of the net- 

work. For a given volume of the nanowire solution (V), 

with a concentration of C (0.208 mg/mL), the number  

of nanowires can be calculated by the equation 

No. of nanowires = 
π 2

Ag

4CV

D d L
          (1) 

where DAg is the density of bulk silver (10.5 g/mL), d 

is the average diameter (75 nm), and L is the average 

length (12.5 µm) of the Ag nanowire provided by the 

supplier. After vacuum filtration, these nanowires were 

evenly distributed on the AAO membrane of 47 mm 

diameter (D). Hence, the density of nanowires, N can 

be calculated by dividing the number of nanowires by  

the area of the AAO membrane, and is given by 

N = π
π

2

2
Ag

4
/ 4

CV
D

D d L
            (2) 

Substituting the corresponding values in the above  

 

Figure 3 (a) Plot of sheet resistance versus transmittance at λ = 550 nm of silver nanowire films. Black dots represent resistance 

values for films without annealing and red dots represent resistance values after annealing the film samples at 200 °C for 20 min in air. 

Inset shows the transmittance spectra of nanowire films with different thicknesses. (b) SEM image of an annealed nanowire sample 

showing melting of nanowires at the ends and subsequent joining with neighboring nanowires. (c) Variation of sheet resistance with the 

annealing time for nanowires films of different densities. Sheet resistance decreased initially on annealing and subsequently increased 

with further annealing (d) SEM images of nanowire films prepared using various amounts of nanowire solution. Nanowire density 

increases with increased volume of solution 
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equation gives N = 0.20697V µm–2 for a given volume 

(V) of the nanowire solution used. According to the 

standard percolation theory, the density dependence  

of conductivity is given by  

 σ α∝ − c( )N N               (3) 

where σ is the conductivity in three dimensions, or 

sheet conductance in two dimensions, Nc is the critical 

nanowire density required for the onset of conduction 

in a random network, and α is a critical exponent 

which depends on the dimensionality of the space 

involved. The theoretical values of α are 1.33 for a 2-D 

percolation network and 1.94 for a 3-D percolation 

network [37]. For a 2-D network, the sheet resistance 

(Rsh) is given by Rsh = 1/sheet conductance, and the 

relation between Rsh and volume (V) of the nanowire  

solution can be obtained using Eq. (3) as follows: 

α−∝ −sh c( )R V V                 (4) 

Figure 4 shows the variation of sheet resistance with 

the volume of nanowire solution used and the solid 

line represent the fitted curve obtained using Eq. (4). 

In order to obtain the fitting curve, we took the value 

of Vc as 0.20 mL as this was the minimum volume 

required to achieve a conducting film (no conductive 

film was obtained by using 0.15 mL of nanowire 

solution). Theoretically, for a model involving random 

distribution of nanowires [32], Nc for nanowires with  

length l is given by 

π =c 4.236l N                (5) 

Substituting the length of Ag nanowires (12.5 µm) in 

the above equation, we can calculate the critical density 

for the network to be 0.03657 µm–2. Substituting this 

critical density in Eq. (2), the resulting theoretical 

critical volume Vc is 0.18 mL, which is very close to the 

experimentally observed critical volume of 0.20 mL. 

We note that the value of the critical volume obtained 

experimentally is a little higher than the theoretical 

value, which might be due to the formation of 

multilayer stacking of nanowires in some regions rather  

than an ideal monolayer. 

The best fit of Eq. (4) in Fig. 4 is obtained by using  

 

Figure 4 Plot of sheet resistance versus volume of Ag nanowire 

solution. The onset of conduction across the sample occurs for 

Vc = 0.2 mL. The power fit of the data indicated value of critical 

exponent α = 1.42. The inset shows the logarithmic plot of the 

data with a linear fit 

α = 1.42, which is quite close to the value predicted for 

the 2-D theoretical model. The discrepancy between 

experimental and theoretical values may indicate that 

the nanowire film is not a perfect 2-D film, and actually 

has an intermediate character between 2-D and 3-D; 

as a result, the experimental value is between that for 

2-D (α = 1.33) and 3-D (α = 1.94). The inset shows the 

logarithmic fit of the above equation, resulting in a linear 

plot with good agreement between the experimental  

and predicted values. 

Another major disadvantage of ITO films as TCEs 

lies in their brittleness, which restricts their application 

in flexible electronics [38]. Flexible electronic and 

optoelectronic devices have attracted a lot of interest 

in past few years with many groups reporting flexible 

OLEDs [39], flexible photovoltaic devices [40], flexible 

supercapacitors [41], and flexible logic inverters [42], 

among other applications. Silver nanowire films offer 

the required flexibility and are a potential replacement 

for ITO in flexible TCEs. An added attraction of the 

silver nanowire film is that this advantage of flexibility 

does not come at the cost of performance in terms of 

sheet resistance and transparency. As mentioned earlier, 

a value of Rsh of 10 Ω/sq at T = 85% for a nanowire 

film is very comparable to the performance of ITO. In 
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order to test the durability of nanowire films under 

stress, we measured their sheet resistance at different 

bending angles. The results are shown in Fig. 5. The 

inset shows the setup for the measurement of change 

in sheet resistance with bending angle, where the 

bending angle is the angle between the tangents drawn 

from the bent substrate. The sheet resistance varied 

from 11 Ω/sq to only 17 Ω/sq when subjected to a 

bending angle of up to 160°. Using an equivalent 

thickness of 100 nm for a film with a transmittance of 

80% [26], we estimate that the average normal strain 

value [43] varies from 0.012 to 0.007 for bending angles 

from 10° to 160°. No failure was observed up to a 

bending angle of 160°. The overall integrity and con- 

ductivity of nanowire films remained intact when the 

stress was released. SEM inspection revealed that there 

was no appreciable change in nanowire morphology 

or the network (images not shown). In comparison, 

the conductivity of an ITO film on PET substrate was 

reduced by three orders of magnitudes when it was 

bent to an angle of only 60°, demonstrating its  

limitations for applications in flexible devices [44]. 

We have to note that complete transfer for samples 

with higher densities (corresponding to T < 60%) could 

not be achieved consistently, as some of the nanowires 

remained adhered to the PDMS membrane. Also, the   

 

Figure 5 Plot of sheet resistance versus bending angle. The 

nanowire film remains conducting under severe bending. Inset 

shows the photograph of the measurement setup and definition of 

the bending angle 

adhesion of nanowires to the substrate decreased with 

the increasing density of nanowires on the substrate. 

We believe this is due to lack of interaction between 

nanowires which are further away from the substrate 

and the substrate, which results in poor adhesion of the 

nanowires. Although this is a problem, it occurs only 

in films with lower transmittance which do not find  

significant applications in optoelectronic devices. 

4. Conclusions 

In summary, we have demonstrated a simple, rapid, 

chemical-free, dry transfer printing technique for 

fabricating high quality silver nanowire films on both 

glass and PET substrates. The PDMS-assisted transfer 

affords extremely uniform films with strong adhesion 

to a PET substrate over a large area. Use of a patterned 

PDMS stamp gives the ability to obtain patterned 

nanowire films with high fidelity. Films thus obtained 

have extremely low sheet resistance of 10 Ω/sq at a 

transparency of 85% which is comparable to ITO films. 

The nanowire films form a 2-D percolation network 

and retain their good conductivity even under bending, 

and recover their original low resistance once the stress  

is released. 
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