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ABSTRACT 
Although silver nanowire meshes have already demonstrated sheet resistance and optical transmittance 
comparable to those of sputter-deposited indium tin oxide thin films, other critical issues including surface 
morphology, mechanical adhesion and flexibility have to be addressed before widely employing silver 
nanowire networks as transparent conductors in optoelectronic devices. Here, we demonstrate the efficacy of 
low temperature solution-processed flexible metal nanowire networks embedded in a conductive metal oxide 
nanoparticle matrix as transparent conductors, and investigate their microstructural, optoelectronic, and mechanical 
properties in attempting to resolve nearly all of the technological issues imposed on silver nanowire networks. 
Surrounding silver nanowires by conductive indium tin oxide nanoparticles offers low wire to wire junction 
resistance, smooth surface morphology, and excellent mechanical adhesion and flexibility while maintaining 
the high transmittance and the low sheet resistance. In addition, we discuss the relationship between sheet 
resistance and transmittance in the silver nanowire composite transparent conductors and their maximum 
achievable transmittance. Although we have selected silver nanowires and indium tin oxide nanoparticle 
matrix as demonstration materials, we anticipate that various metal nanowire meshes embedded in various 
conductive metal oxide nanoparticle matrices can effectively serve as transparent conductors for a wide variety  
of optoelectronic devices owing to their superior performance, simple, cost-effective, and gentle processing. 
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1. Introduction 

Conducting metal oxides films such as indium tin 
oxide (ITO) films and aluminum doped zinc oxide films 
have been widely used as transparent conductors in a 
variety of optoelectronic devices including liquid 
crystal displays, touch screens, organic light emitting 

diodes, and thin film solar cells owing to their unique 
material properties capable of simultaneously demon- 
strating high optical transparency and high electrical 
conductivity. However, sputtering techniques are 
almost always required in order to properly deliver 
their favorable properties in the form of large area thin 
films [1–3]. The complexity of fabricating sputtered 
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films makes them less cost effective due to the use of 
vacuum equipment. To make matters worse, the brittle 
nature of sputtered ITO thin films makes its use 
difficult on flexible substrates because the films crack 
when the substrate is bent. Therefore, sputtered ITO 
thin films are not compatible with high-throughput roll 
to roll processing. Furthermore, when ITO films are 
sputter-deposited onto organic optoelectronic devices, 
energetic particles and heat generated during sputtering 
process can easily damage underlying organic layers 
leading to device degradation or failure [4–8]. Flexible 
transparent conductors processable under thermally 
and chemically benign conditions in non-vacuum 
environment are urgently needed to effectively replace 
sputtered ITO thin films for lower cost production and  
for emerging flexible electronics. 

Calculations predict that metal nanowire networks 
have the potential to demonstrate substantially higher 
transmittance than sputtered ITO thin films at 
equivalent sheet resistance values [9]. In this approach, 
the high optical transmittance of the networks that 
can be achieved is not from their intrinsic optical 
properties but from the relatively low surface coverage 
of the nanowires. Therefore, in order to achieve 
comparable sheet resistance to that of sputtered  
ITO thin films at equivalent transmittance, nanowire 
materials have to have much higher intrinsic electrical 
conductivity than that of conductive metal oxides. 
Lee et al. first demonstrated that a solution-processed 
randomly dispersed silver nanowire (AgNW) mesh 
is a promising candidate to replace sputtered ITO 
thin films by providing both low sheet resistance and 
high transmittance [9]. However, in order for silver 
nanowire networks to be effectively incorporated into 
the wide range of modern optoelectronic devices, the 
following challenges must be simultaneously resolved: 
(1) wire to wire junction resistance; (2) surface roughness; 
(3) gaps between silver nanowires causing parasitic 
lateral current flow; (4) work function; (5) mechanical 
robustness including adhesion and flexibility; and (6)  
process compatibility [10]. 

Although significant progress regarding AgNW 
meshes has been achieved during the past five years in 
addressing the above issues by developing processing 
methods including mechanical pressing, thermal 
annealing, plasmonic welding, electrochemical gold 

coating, and layer transfer methods [11–26], all of the 
reported methods address only some of the above 
issues and their application is restricted to certain 
kinds of device structures. Therefore, new processing 
methods and materials structures must be further 
developed to simultaneously fulfill all of the above 
requirements. In addition, from a practical point of 
view, the fabrication and processing of materials 
should be simple and cost effective while maintaining 
excellent optoelectronic properties. Furthermore, low 
temperature processing in the preparation of silver 
nanowire networks will be desirable since it allows  
the use of heat sensitive flexible substrates. 

In this work, we attempt to resolve nearly all of the 
current problems with AgNW networks by employing 
solution-deposition of conductive metal oxide nano- 
particles onto pre-existing AgNW networks at low 
temperatures. Embedding the AgNW network in the 
conductive metal oxide nanoparticle matrix offers 
many advantages including improved wire to wire 
junction conductance, smooth surface morphology, 
excellent mechanical adhesion, and flexibility. As the 
first demonstration of this method, indium tin oxide 
nanoparticles (ITO-NP) were selected as the conductive 
metal oxide nanoparticles because of their relative 
maturity and industrial availability. Although our 
present electrode design contains indium, which suffers 
from concerns over supply and price, we expect that 
indium-free conductive metal oxide nanoparticles such 
as aluminum doped zinc oxide and antimony doped 
tin oxide nanoparticles may play equivalent roles   
to ITO-NP in future electrode architecture. We also 
believe that this electrode design will allow AgNW 
films to be practically employed in a wide range of  
optoelectronic device applications. 

2. Experimental 

AgNWs solutions (Seashell Technology, AgNW-115) 
were spun at spin speed of 1000 r/min for 60 s onto 
165 µm-thick polyethylene terephthalate (PET) sub- 
strates to form a randomly dispersed AgNW network, 
and ITO-NP solution sequentially spun at a spin 
speed of 2000 r/min for 30 s onto the AgNW network 
followed by thermal annealing around 100 °C for a few 
minutes to remove the solvent. The AgNW solutions 



Nano Res 

 

3

were diluted to 1 mg/mL concentration. The AgNWs 
were approximately 115 nm in diameter and 30 μm in 
length. AgNW networks with different sheet resistance 
and optical transmittance values were obtained by 
repeated spin-coating processes. The employed ITO-NP 
solutions were prepared by mixing equal volumes of 
30 wt.% of ITO-NPs dispersed in isopropyl alcohol 
(Sigma Aldrich) and 2.5 wt.% polyvinyl alcohol (PVA) 
dissolved in deionized water. The PVA solution was 
added to the ITO-NP dispersion to further improve 
mechanical adhesion of the resulting AgNW/ITO-NP  
films. 

Scanning electron microscope (SEM) images were 
taken to investigate surface morphology and 
structural features of bare AgNW and AgNW/ITO- 
NP films. Atomic force microscopy (AFM) was used to 
characterize the surface roughness of the films. Optical 
specular transmittance of the films was measured 
using a Hitachi ultraviolet–visible spectrophotometer 
(U-4100) without an integrating sphere. Therefore, 
the measured transmittance values exclude Fresnel 
reflection and scattered light. A bare PET substrate was 
used as a reference in the transmittance measurements. 
The sheet resistances of the films were measured using 
the four-point probe method. The two-point probe 
method was used to measure the surface resistance of  
the films during bending test using a multimeter.  

3. Results and discussion 

3.1 Microstructure of AgNW/ITO-NP films 

The surface morphology of a silver nanowire network 
is critically important to its successful incorporation 
into optoelectronic devices. The nature of randomly 
dispersed silver nanowire networks leads to pro- 
trusions produced by overlapping wires which are as 
approximately two or three times high as the diameter 
of the employed nanowires (Figs. 1(a) and 1(c)). This 
surface morphology is not suitable for the fabrication 
of modern thin film optoelectronic devices where the 
thickness of each layer is frequently less than 100 nm. 
This rough surface could frequently cause device short 
failure [18]. The subsequent deposition of ITO-NP film 
significantly improved the resulting surface roughness. 
The pre-deposited nanowire mesh was completely 

covered by ITO nanoparticles without leaving any 
gaps or space. As a result, the nanowires cannot be 
seen in the plane view SEM image (Fig. 1(b)). The 
localized height variation of the resulting film was 
the same order of magnitude as the size (10–30 nm) of 
the employed nanoparticles, as shown in the AFM scan 
(Fig. 2). The root mean square roughness and roughness 
average were 12.7 nm and 15.7 nm, respectively. These 
values are approximately one tenth of the local height  

 
Figure 1 (a) Tilted (75°) view SEM images of a bare silver 
nanowire network. (b) Plain view SEM images of an indium tin 
oxide nanoparticle film deposited on pre-existing silver nanowire 
network. (c) Cross sectional SEM image of silver nanowire network 
embedded in an indium tin oxide nanoparticle matrix 
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variation of bare AgNW films which can be 200– 
300 nm due to stacked wires in their junctions. It is 
expected that the surface roughness can be further  
improved by employing smaller sized nanoparticles. 

The large lateral holes between silver nanowires 
are also seriously problematic in the lateral carrier 
collection of devices in which carrier diffusion length 
is not much larger than the gap size. This charge 
collection issue can be also solved owing to completely 
filling the holes present in the nanowire networks  
by transparent conductive material in optoelectronic 
devices [27]. Furthermore, the resulting surface of 
AgNW/ITO-NP will be favorable for building opto- 
electronic devices because most conventional thin film 
optoelectronic materials are optimized to be compatible  
with the electronic properties of the ITO surface. 

3.2 Optoelectronic properties of AgNW/ITO-NP 
films 

The sheet resistance of AgNW networks depends on 
the dimensions (length and diameter) of the wires, wire 
number density on the substrate surface, individual 
wire resistance, and wire to wire contact resistance. 
For a given dimension of the wires and wire number 
density, wire to wire junction resistance rather limits 
overall the sheet resistance due to its extremely high 
value, typically larger than 1 GΩ, in as-prepared AgNW 

networks [18]. It is thus critically important to ensure 
low wire to wire junction resistance. The possible 
existence of small vertical gaps between silver nano- 
wires and insulating ligands used for synthesis and 
solution dispersion is likely to hinder carrier transport 
across the wire to wire junctions. Although fused wire 
to wire junctions can be readily achieved by thermal 
annealing around 180 °C or mechanical pressing, these 
methods may not be applicable for heat sensitive  
and/or readily deformable materials and devices. 

The deposition of an ITO-NP matrix onto a bare 
AgNW network dramatically decreased the sheet 
resistance of the films (Fig. 3(a)). The sheet resistances 
of AgNW/ITO-NP films ranged from 0.01% to 18.9% 
of those of bare AgNW films, depending on the wire 
number density with a range of 0.3–1.6 µm–1 in the films 
(Fig. 3(b)). The meshes with smaller number density 
showed more significant decrease in sheet resistance. 
The decrease in sheet resistance cannot be explained 
by conduction taking place predominantly in the  
ITO nanoparticles because the sheet resistance of the 
plain ITO-NP film was as high as ~20 kΩ/□. Based on 
the observation that there was no obvious change of 
shape in the pre-deposited nanowire network after 
deposition of the ITO-NP matrix, these results thus 
verify the reduced wire to wire junction resistance 
after deposition of the conductive nanoparticle matrix.  

Figure 2 (a) AFM image of the AgNW/ITO-NP surface and (b) AFM height line profile of the surface 
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The bare AgNW meshes with smaller wire number 
density have been shown to have larger average wire 
to wire junction resistance [9], which implies that the 
junction resistance is a more dominant component  
in the sheet resistance of the films with smaller wire 
number density. Thus, a more dramatic decrease in the 
sheet resistance of the films with smaller wire number 
density was observed because low wire to wire junction 
resistance was achieved in the all prepared networks  
by sequential deposition of the ITO-NP matrix. 

The microstructure of the deposited AgNW/ITO-NP 
films supports the argument for improved wire to wire 
junction conductance. A cross-sectional SEM image 
shows that each AgNW is surrounded by densely 
packed ITO nanoparticles (Fig. 1(c)). The smaller size 
of the individual ITO nanoparticles relative to the 

dimensions of the AgNWs likely allows them to readily 
pack into the gaps left in the as-deposited mesh. The 
reduction of wire to wire contact resistance can thus be 
attributed to the conductive ITO nanoparticles filling 
the vertical gaps which allows the wires to become 
connected together via a conductive medium. Free 
electrons are then able to flow across wire to wire 
junction without undergoing significant electrical  
resistance.  

High optical transmittance is as important as   
low sheet resistance in transparent conductors. The 
transmittance of the AgNW films was only slightly 
decreased by 3.3% to 6.5% after ITO-NP matrix 
deposition, depending on wire number density in  
the range 0.3–1.6 µm–1 (Figs. 3(c) and 3(d)) while a 
significant decrease was simultaneously observed in 

 
Figure 3 (a) Sheet resistance values of a plain indium tin oxide nanoparticle film and a number of silver nanowire networks before and
after nanoparticle matrix deposition. (b) Ratios between the sheet resistance value of silver nanowire networks before and after the
deposition of the indium tin oxide nanoparticle matrix. (c) Optical transmittance at 550 nm of a plain indium tin oxide nanoparticle film 
and a number of silver nanowire networks before and after the deposition of the indium tin oxide nanoparticle matrix. (d) Difference in
the transmittance at 550 nm of the silver nanowire networks before and after deposition of the indium tin oxide nanoparticle matrix 
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the sheet resistance of the films. The films with higher 
wire number density showed more transmittance loss 
after deposition of the ITO-NP matrix. Considering 
ITO-NP films showed a transmittance of 96.7% at 
550 nm, and the measured specular transmittance 
excluded scattered light, it is likely that the optical 
transmittance losses of more than 3.3% after deposition 
of the ITO-NP film onto existing AgNW films is 
associated with the enhanced light scattering in the 
AgNW/ITO-NP. The enhanced scattered light could 
be advantageous for thin film photovoltaic devices 
by providing better absorption of light in absorber 
layers and better photogenerated carrier collection. 
The enhanced light scattering by silver nanowire 
based electrodes has been reported to improve the 
short circuit current density in organic and inorganic 
thin film solar cells [9, 27]. Organic solar cells would 
perhaps be expected to benefit most from this effect. 
These organic devices are often unable to completely 
absorb light because their absorber layer thickness is 
typically limited by short carrier diffusion lengths. 
Enhanced light scattering could be also useful to reduce 
the thickness of absorber layers in chalcogenides and  
polycrystalline or amorphous silicon solar cells. 

The transmittance values of AgNW/ITO-NP films 
with several different sheet resistance values are shown 
in Fig. 4(a). The transmittance at 550 nm reached 90.5% 
when the sheet resistance was 44 Ω/□; 88.6% at 23 Ω/□, 
and 85.3% at 11 Ω/□. The transmittance of the films 
was essentially constant across all measured wave- 

length regions because optical transmittance in metal 
nanowire films is controlled almost entirely by the 
sparseness of the metal wire network. Our low 
temperature solution-deposited AgNW networks 
embedded in ITO-NP matrices showed sheet resistance 
and transmittance values comparable to commercially 
available sputtered-deposited ITO electrodes as well 
as the reported values for AgNW networks and AgNW  
composites [17–22, 25, 26] (Fig. 4(b)). 

3.3 Percolation in AgNW/ITO-NP films 

Predicting the relationship between transmittance 
and sheet resistance will be useful because these two 
parameters are perhaps the most important properties 
in the selection of effective transparent conductors. 
Percolation theory for randomly dispersed one- 
dimensional objects predicts the relationship between 
the sheet resistance and the wire areal number density  
as below [28] 

    2
S C C1/ ( ) and 17.94 /R N N N L       (1) 

where RS is the sheet resistance of the networks, N is 
the wire areal number density dispersed on the surface, 
NC is wire areal number density at the threshold point, 
L is the wire length, and α is an exponent depending  
on the dimension of the resulting meshes. 

To relate the sheet resistance to the transmittance 
from the above percolation theory, we need the 
relationship between the transmittance and the wire 

 
Figure 4 (a) Variation in transmittance of the AgNW/ITO-NP films with wavelength for three different sheet resistance values. (b) Plot
of transmittance versus sheet resistance, the maximum achievable transmittance of conductive AgNW/ITO-NP films, and the literature 
values for AgNW and AgNW composites 
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areal number density. The surface coverage (SC) will 
be the average projected area of wires (LD) multiplied  
by the wire areal number density (N) as below 

 SC LD N                 (2) 

where D is the diameter of the metal wires. The 
transmittance loss in metal nanowire networks is 
mainly due to the reflective scattering of light by the 
metal nanowires. The loss of optical transmittance of 
the bare AgNW will be thus approximately equal to 
the surface coverage of the metal nanowires, and the 
transmittance can be described as below 

     100 (1 SC)% 100 (1 )%T LDN     (3) 

At the percolation point 

    
  

2
C C

C

SC 17.94 / 5.71 /
100 (1 5.71 / )%

N LD LD L D L
T D L

   (4) 

Thus, the transmittance at the percolation point, TC, 
equivalent to achievable maximum transmittance of a 

conductive network, is solely determined by the aspect 
ratio of the wires while the critical wire areal number 
density is solely determined by the length of wires. The 
nanowires employed in this work have approximate 
diameters of 115 nm and lengths of around 30 µm. TC  
is thus estimated to be approximately 97.8%.  

To validate our assumption that the loss of optical 
transmittance of AgNW networks is approximately 
equal to the surface coverage of the metal nanowires, 
we plotted the variation in transmittance loss (100–T) 
(%) for the AgNW networks as a function of the surface 
coverage of silver nanowires both before and after 
ITO-NP deposition. Figures 5(a)–5(e) show plane view 
SEM images of bare AgNW films with different number 
densities of silver nanowires with values ranging from 
0.305 to 1.59 µm–1. The surface coverage is estimated 
by multiplying the diameter (115 nm) of the wires 
and the wire number density measured from the SEM 
images of the AgNW networks before the ITO-NP 
deposition. The surface coverage is nearly equal to the 
transmittance loss of the bare AgNW, which validates  

 

Figure 5 Plane view SEM images of bare AgNW networks with a nanowire density of (a) 0.305 µm–1, (b) 0.439 µm–1, (c) 0.767 µm–1, 
(d) 0.972 µm–1, (e) 1.59 µm–1. (f) Optical transmission loss (100–T) of bare AgNW and AgNW/ITO-NP films as a function of the 
surface coverage of silver nanowires 
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our assumption (Fig. 5(f)). The maximum transmittance 
of the transparent AgNW/ITO-NP was determined to 
be 94% from the plot of the sheet resistance versus 
the transmittance (Fig. 4(b)) which is 3.8% lower than 
the calculated value of 97.8%. This difference results 
from additional transmittance loss by large angle light  
scattering and light absorption by the ITO-NP matrix.  

By combining equations (1)–(4), the variation in sheet 
resistance, RS as a function of optical transmittance,  
T, can be described by the equation 

 S C1/ ( )R T T               (5) 

The linear plot of log (RS) vs. log (TC–T) allows us to 
extract  values of 1.46 and 1.27 at 550 nm and 600 nm, 
respectively (Fig. 6). These values are similar to the 
theoretical value of  = 1.33 for the relationship between 
nanowire number density and surface conductance 
in two-dimensional networks [28], and also similar to 
the reported values of 1.42 experimentally determined 
from the relationship between amount of nanowire 
deposited on the substrate surface and the surface  
conductance of nanowire films [20]. 

 
Figure 6 The linear plot of log (RS) vs log (TC–T ) allows us to 
extract  values of 1.46 and 1.27 at 550 nm and 600 nm, respectively, 
from the equation:  S C1/ ( )R T T  

3.4 Mechanical properties of AgNW/ITO-NP films 

In order for a potential electrode material to be used 
in flexible devices and to be compatible with roll to roll 
processing, the electrode must meet certain mechanical 
requirements including adhesion and flexibility. Tape 
tests were executed in the regions shown by the 

dotted lines in Fig. 7 to test the adhesion of the AgNW 
film to the substrate. 3M tape (Scotch® Magic™ Tape) 
was pressed with a pressure of an approximately 2 MPa 
for 30 s. As described in the experimental section, we 
mixed a PVA solution with the as-purchased ITO-NP 
solution to prepare the final ITO-NP solution in order 
to achieve improved film adhesion. The addition of 
the PVA dramatically improved the film adhesion 
without sacrificing transmission or sheet resistance. 
While bare AgNW films were completely peeled off 
during the tape test, the nanocomposite remained  
on the substrate without any change in transmittance 
or sheet resistance, demonstrating the excellent 
mechanical adhesion of the AgNW/ITO-NP film. In 
addition to mechanical adhesion, the AgNW/ITO-NP 
offers excellent mechanical flexibility even under severe 
concave and convex bending (Fig. 8(a)). The surface 
resistance of the AgNW/ITO-NP film was observed to 
change by approximately 30% of its initial value when 
the film was bent to a 0.5 cm radius of curvature. For 
convex (concave) bending, the surface resistance of 
the film decreased (increased) with decreasing radius 
of curvature. It is likely that convex bending of the 
substrate induces compressive forces at the wire to 
wire junction, which in turn may improve the wire  
to wire junction conductance. This indicates that 
AgNW networks embedded in ITO-NP matrices have 
further room for improvement. More importantly, the 
resistance completely recovered its original value  

 

Figure 7 Photos of bare AgNW and AgNW/ITO-NP films after 
tape tests. The tape test was executed for the regions shown by the 
dotted lines in the photos to test the adhesion of the AgNW film 
to the substrate 
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Figure 8 (a) Variation in the surface resistance of the AgNW/ITO- 
NP film deposited on a PET substrate as a function of radius of 
curvatures (RC) in concave and convex bending. (b) Variations in 
the final surface resistance of an AgNW film as a function of 
number of cycles of bending to a 0.5 cm radius of curvature in 
concave and convex bending. The resistance values were measured 
after the substrate was relaxed to back to planar shape 

when the substrate was relaxed to back to a planar 
shape even after as many as one hundred bending 
cycles to a radius of curvature of 0.5 cm (Fig. 8(b)). 
This recovery is attributed to the flexible nanoparticle 
matrix firmly holding nanowire network in place, 
which prevents the permanent deformation of the  
networks. 

4. Conclusions and Prospects 

Low temperature solution-deposited AgNW networks 
embedded in ITO-NP matrices demonstrate significant 
improvement in surface morphology, mechanical 
adhesion, and flexibility while maintaining the sheet 
resistance and transmittance values necessary to replace 

conventional sputtered ITO thin films. Surrounding 
the AgNW network by ITO has been observed to 
dramatically improve wire to wire conductance.  
The improved surface morphology is achieved by 
completely filling the gaps left between nanowires 
and fully covering the nanowires with nanoparticles. 
Anchoring the nanowire network in place using a 
nanoparticle matrix also offers excellent substrate 
adhesion and mechanical flexibility. We expect that 
electrode structures involving metal nanowire networks 
embedded in conductive metal oxide nanoparticle 
matrices can be successfully incorporated into a 
variety of device structures suitable for a diverse set  
of applications. 
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