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Abstract
The class of materials combining high electrical or thermal conductivity, optical transparency
and flexibility is crucial for the development of many future electronic and optoelectronic
devices. Silver nanowire networks show very promising results and represent a viable
alternative to the commonly used, scarce and brittle indium tin oxide. The science and
technology research of such networks aims at better understanding the physical and chemical
properties of this nanowire-based material while opening attractive new applications.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Thin films with a combination of high electrical conductivity
and optical transparency are crucial for many modern devices
such as touch panels, e-papers, organic light-emitting diodes
(OLEDs), liquid-crystal displays (LCDs), and solar cells.
In the case of solar cells, the transparent electrode works
as anode for extracting separated charge carriers from the
absorbing layer, while for OLEDs, they inject carriers. The
properties of these fabricated devices continue to develop
intensively, expanding the industrial demand for transparent
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Table 1. Main property requirements of a transparent electrode for
some important applications. Plus signs indicate better values.

Application Transparency Conductivity Flexibility

Photovoltaics +++ +++ +

OLED/PLED ++ ++ +

Film heaters + +++ ++

Touch screens +++ ++ ++

electrodes. Therefore numerous scientific investigations have
been devoted to explore different possibilities for the
fabrication of thin layers exhibiting good compromise
between optical transparency and electrical conductivity.
The development of new transparent conductive materials
is mostly dictated by the requirements of the specific
application, however low electrical resistivity and low
optical absorption always constitute significant prerequisites.
The mainstream of scientific studies and current industrial
technologies mainly rely on vacuum processes and transparent
conductive oxides (TCOs) such as indium tin oxide (ITO),
fluorine doped tin oxide (FTO) or aluminium-doped zinc
oxide (AZO) thin films. The next generation of optoelectronic
devices will require conductive electrodes which are
flexible, cheap and compatible with large-scale manufacturing
methods [1].

However, needs are application dependent thus it is
not possible to give an overall set of ideal figures of
merits for emerging flexible transparent electrodes. For
instance, significant light scattering (as measured by the
haze factor) can be valuable for photovoltaics but is
detrimental when electrodes are used for touch panel displays.
Many parameters have to be taken into account for each
specific application. Cost, optical properties, thermal stability,
processability, chemical compatibility with other materials
and work function are only a few of the key parameters.
Three main criteria are presented in table 1 with expected
performance for some applications. Transparency, electrical
conductivity and mechanical flexibility are among the most
important combined properties achieved with silver nanowire
(AgNW) based electrodes. Even for these principal properties,
different applications require different specifications.

The indications provided in table 1 are meant as a general
guide to the average requirements of a stated application
family. With respect to each property there is a broad range
of requirements depending on the type of application that is
being considered.

Many potential applications have been recently demon-
strated with this new material, like electromagnetic inter-
ference shielding [2, 3], radio frequency antenna [4–6]
and others. However, this review will essentially focus on
applications which will find outstanding improvements thanks
to the three aforementioned properties of flexible electrodes
based on random networks of AgNWs.

While TCOs are very well adapted for some applications,
they suffer from significant limitations such as cost of
fabrication process, scarcity (especially concerning indium
based TCOs like ITO) and brittleness. Hence a variety of
other materials have been intensively investigated recently:

carbon nanotube networks (CNTs), graphene thin films,
conducting polymers, metallic grids and metal nanowire
networks [1, 7–9]. When selecting the appropriate material for
an application it is crucial to consider the costs associated with
the raw materials and production methods used to fabricate the
electrode, and whether high-temperature or vacuum processes
are required for, or incompatible with, device production and
the specific needs of the application.

Table 2 provides a brief summary of some fabrication
methods of electrodes using transparent conductive materials
(TCMs)—it is by no means exhaustive, but allows a simple
comparison of the currently available and emerging materials.
The processing temperatures reported in table 2 refer to the
ranges of temperatures that the film may be exposed to during
device fabrication. The lower temperature refers to the lowest
temperature that electrodes can be fabricated at and the upper
value is related to the stability of the material. Each type of
TCM has strengths and weaknesses and in the end the material
to use must be determined by the needs of the application.

A brief comment on the uniformity of graphene films is
needed. For low-cost production of graphene films, graphene
flakes are exfoliated from highly oriented pyrolytic graphite
(HOPG). Films produced with these flakes are low cost but
have poor uniformity and high resistances.

Regarding the cost identified in table 2, there are a broad
range of factors considered: the cost of the raw materials and
also processing costs required for electrode fabrication. Each
material can produce an electrode at low cost, but the quality
of such electrodes varies. The costs indicated in the table refer
to the costs associated with the best-quality electrodes—those
of highest optical transmission with the lowest electrical
resistance. There are a range of costs associated with TCOs
due to the broad variety of available materials in this family.
An in-depth cost analysis of ITO, CNTs and AgNWs has been
performed by Emmott et al [34].

The present review focuses on the AgNW networks
which can be produced by low-cost solution-based methods
and exhibit very promising properties. We will briefly
overview the fabrication of the nanowires in solution and their
arrangement into networks, their main physical properties and
the prospects for future studies and improvements. Some time
is also spent discussing the application of this material to
devices providing an potential to introduce nanoscience and
nanotechnology into everyday life (screens, solar cells) and
open up new scientific opportunities.

2. Fabrication of silver nanowires

The synthesis of one-dimensional nanomaterials has grown
impressively in the last two decades. In particular, the
fabrication of metallic nanowires has been tackled recently
for the development of transparent flexible electrodes. One
of the very important advanced arguments is the need
to obtain materials available from low-cost solution-based
processes. Among possible metallic nanostructures, AgNWs
have been the most studied for several reasons. Bulk silver
has the highest electrical conductivity and thus has been
the focus of much research. Moreover, synthesis of AgNWs
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Table 2. General guide to transparent conductive material electrode fabrication.

Fabrication methoda TCOs Graphene CNTs AgNWs

Chemical vapour deposition +++ +++ + −

Sputtering +++ − − −

Spin coating − + ++ ++

Spray deposition ++ + +++ +++

Screen printing −− + ++ ++

Cost Low-high High High Medium
Processing temperature (◦C) >200b–1000 RT–1000c RT–700c RT–700c

Uniformity +++ + to +++ ++ ++

Typical thickness (nm) 100–300 <5 <10 25 > 600d

Typical Rs (�/�) 5–100 30–5000 60–300 1–50
Typical transmission (at 550 nm) 80–97% 80–96% 80–91% 80–96%
Typical references [9–13] [14–19] [11, 20–26] [27–33]

a Fabrication method refers to the production of electrodes directly, not to the production of the constituent components
which are used to fabricate the network.
b Deposition temperatures of TCOs usually require several hundred degrees celsius or the use of vacuum processes such as
sputtering.
c Networks can be fabricated at room temperature (RT) but if device fabrication requires high temperature processes vacuum
or encapsulation are required to stabilize the films.
d Thickness is diameter and density dependent though with high mechanical pressure it can be reduced to the diameter of
a single nanowire [31].

is rather easy whereas protocols for large-scale synthesis
of nanowires with other metals are still missing. However,
a few other metallic nanowires have been prepared, and
some of them have shown interesting properties for the
fabrication of electrically active transparent conductors. In
particular, copper [35–38], gold [39, 40] and cupronickel [41]
nanowires have demonstrated promising results. To date, the
most studied metallic nanowires are made of silver.

Several routes have been followed experimentally to
fabricate silver nanostructures with various shapes and form
factors. These methods include the hydrothermal method,
microwave-assisted process, electrochemical technique, UV
irradiation technique, template technique (see Coskun
et al [42], Chen et al [43] and references therein). When
compared to these methods, the polyol approach appears as
the most promising synthetic procedure regarding ease of
mass production, cost and simplicity. This method proposes a
simple route for the synthesis of metal nanoparticles through
reduction of metallic salts by a polyol, generally ethylene
glycol [44, 45]. Crystallization of noble metals usually leads
to highly symmetric cubic unit cells. Thus, to obtain the
growth of nanowires from solutions of isotropic nanoparticles,
anisotropic confinement must be applied in order to achieve
unidimensional growth [46]. The method of fabrication of
AgNWs was first developed by the team of Xia [47, 48].
Ethylene glycol reduces the metal precursor (usually silver
nitrate) in the presence of a nucleating agent and polyvinyl
pyrrolidone (PVP). The PVP plays the role of capping agent
capable of controlling the growth rates of different surfaces
of silver nanospecies. The near-unanimous choice of ethylene
glycol as a reducer is based on its ability to solvate both
AgNO3 and PVP combined with its high boiling point
(196 ◦C) necessary for the realization of syntheses at high
temperature.

The exact mechanism of AgNW growth is complex
and has not been entirely clarified. First, ethylene glycol

reduces Ag+ ions in Ag atoms, thereby inducing silver crystal
formation and subsequently growth of silver nanostructures.
The synthesis of AgNWs has therefore three distinct steps,
nucleation, evolution of nuclei into seeds and growth of seeds
into nanocrystals. In these steps the phenomena of atomic
addition and aggregate formation are essentially governed by
mechanisms of diffusion and surface energy minimization.
By modifying the thermodynamics and kinetics of each of
these steps, it is possible to have some control on the form of
the synthesized nanocrystals [49]. Different approaches have
been explored. The addition of particles playing the role of
seeds can change the process of nucleation. Various nucleating
agents, either in a pure form or as combination of a few
salts, have been used to study the effect on AgNW growth
[43, 48, 50–52]. In general, chlorinated derivatives give
good results, and in particular NaCl is often preferred. The
presence of a nucleating agent directly affects the morphology
of initially formed metallic seeds. Thus, the addition of
NaCl leads to the formation of AgCl nanocrystallites and
reduces the concentration of free cationic silver ions in the
solution during initial seed formation. These slow reaction
conditions enable the formation of the thermodynamically
more stable multiply-twinned Ag seeds required for wire
growth. The seed structures have an important role in
the shape evolution of metal nanocrystals and therefore in
the resulting materials. It has also been demonstrated that
the addition of traces of salts involves selective oxidative
etching controlling the structure and population of seeds
once formed. Ag nanocubes or AgNWs can be obtained
selectively just by modifying salt amounts [53–55]. These
parameters are key for the fabrication of one-dimensional
Ag nanostructures. According to Xia et al [47, 49, 56]
the nanowires are derived from multiple-twinned particles.
Among the various possible seed structures (crystal, simple
twin or multiple twins), multiply-twinned decahedra provide
the most thermodynamically stable seed, as it is bound almost
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Figure 1. Schematic illustration of the mechanism proposed to
account for the growth of AgNWs with pentagonal cross sections:
(a) evolution of a nanorod from a multiply-twinned nanoparticle
(MTP) of silver under the confinement of five twin planes and with
the assistance of PVP. The ends of this nanorod are terminated by
{111} facets, and the side surfaces are bounded by {100} facets. The
strong interaction between PVP and the {100} facets is indicated
with a dark-grey colour, and the weak interaction with the {111}
facets is marked by a light-blue colour. The red lines on the end
surfaces represent the twin boundaries that can serve as active sites
for the addition of silver atoms. The plane marked in red shows one
of the five twin planes that can serve as the internal confinement for
the evolution of nanorods from MTP. (b) Schematic model
illustrating the diffusion of silver atoms towards the two ends of a
nanorod, with the side surfaces completely passivated by PVP. This
drawing shows a projection perpendicular to one of the five side
facets of a nanorod, and the arrows represent the diffusion fluxes of
silver atoms. Reprinted with permission from [46], copyright 2013
American Chemical Society.

entirely by the lower energy {111} facets. It is therefore
the most naturally abundant seed but also the most reactive
because of the presence of twin defects. Sun et al [57]
have recently reported that each nanowire is composed of a
heavily strained core encapsulated in a less-strained sheath.
The crystalline defects where the cores are exposed provide
active sites for growing the nanowires along their longitudinal
axes, while the less-strained side surfaces of the nanowires,
bound by {100} facets, have lower reactivity towards the
deposition of silver atoms (see figure 1).

Once the pentagonal rod is formed, PVP plays a key
role in the growth mechanism. Originally used to prevent
the aggregation of nanoparticles, it has also proven to be an
agent controlling the structure of the nano-objects. Indeed,
it reacts preferentially with the {100} facets of the silver
nanoparticles, through interactions between surface silver
atoms and the oxygen atoms of the PVP carboxyl groups [58].
Tests performed with other polymers like poly(ethyleneoxide)
(PEO) or polyvinylalcohol (PVA) did not lead to satisfying
results [48]. Concerning the experimental protocol of the
synthesis, many parameters have to be extremely well

controlled, which is a common feature for the synthesis of
nanoparticles. A recently published parametric study gives
some details related to the effects of temperature, injection
rate, molar ratio of PVP to silver, NaCl amount and stirring
rate [42]. All of these parameters are important and for some
of them tiny changes can lead to dramatic alterations of the
nanoparticle’s size and shape. It should also be emphasized
that the quality of chemical reagents is extremely important,
in particular the purity of the ethyleneglycol. A few grams of
AgNWs can be obtained through a single experiment which
allows large area deposition considering that only few tens of
mg are deposited per m2 to obtain a ∼90% transparency [59].
The nanowires have generally diameters in the order of a few
tens of nm and lengths of several µm, resulting in a form
factor (length/diameter ratio) typically in the 50–500 range
(see figure 2).

Recently, very long AgNWs have been synthesized
thanks to a successive multistep growth method. Very
high-aspect ratio of 1000–3000 with length of over 300 µm
and diameter of less than 150 nm were obtained [60].

After synthesis, the as-obtained product requires some
purification. Indeed, a mixture of nanowires and nanoparticles
in organic solvent is generally obtained. To remove most
of the ethylene glycol and excess PVP, several washes with
acetone are commonly used. To separate the nanoparticles
from the nanowires the product solution is put through
a centrifuge. According to different research groups, the
parameters of the commonly used centrifugation procedure
can be changed from 20 min at 2000 rpm [48, 50, 61],
6000 rpm [42] or 8000 rpm [62] to 10 min at 16 000 rpm [63].
Most of the time the product is then dispersed in another
solvent such as water [6, 42, 62–64], ethanol [42, 50] or
methanol [65] to be washed a second time. Filtration has also
been described to further purify the product, either by filtering
through a polycarbonate membrane with 0.8 µm pore size
[51, 58] or a glass filter with mean pore size of 5–40 µm
[66, 67]. Although less common, cross-flow filtration is also
a possibility [68]. Another very straightforward method is
to let the crude reaction mixture settle for few days before
removing supernatant. This decantation technique allows easy
production of a high quantity of nanowires in a single run [69].

3. Fabrication of silver nanowire networks

The development of high-performance transparent conductive
material increasingly requires the use of nanostructures.
Therefore, it is necessary to develop simple, reliable and
cost-efficient fabrication techniques to achieve both random
and ordered nanowire arrays. Assembling such networks is
also a critical step to control their resulting electro-optical
properties. In respect to their physical properties and ease of
synthesis (see section 2), high-aspect-ratio metallic nanowires
are one of the most attractive materials to fabricate such
networks [70].

Random nanowire networks can be readily and cheaply
made by solution-process techniques such as spray coat-
ing [22, 29, 30, 66], drop casting [27, 71, 72], spin coating
[73, 74] or rod-coating [75]. All these techniques are
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Figure 2. Scanning electron microscopy (SEM) images of silver nanowires at two magnifications.

compatible with very low temperature deposition processes
and do not necessitate any vacuum equipment. On top of
that, a technique such as spray coating is easily surface
scalable. Such solution-processed electrodes have already
demonstrated their ability to be integrated into operational
devices such as organic solar cells [27, 74].

Nevertheless, while working with colloidal solutions and
then depositing them as thin films, it is often difficult to
achieve high reproducibility. It is well known that drop cast
nanowire networks may show spatial inhomogeneities known
as ‘coffee ring effect’ on the substrates during the solvent
evaporation step [75, 76]. Films obtained from air-spraying
coatings are usually more homogeneous and tend to form
much more uniform networks.

Methods for obtaining homogeneous and controlled
nanowire arrangements have attracted increasing interest.
Oxide nanotemplates such as anodic alumina have been
used to separate and order metallic nanowires [77, 78].
Polydimethylsiloxane stamps have also been successfully
used for dry transfer printing [11, 28, 79]. A wealth of other
different and original techniques such as blown-bubble film
technique [80], controlled dip coating [81, 82], microfluidic
assembly [83, 84], electronic/magnetic field-assisted assem-
bly [85, 86], convective force driven assembly [87–90],
layer-by-layer assembly of nanowires [91–93], direct gravure
printing [94], and electrospinning [37, 95] have also been
attempted to produce high-quality ordered nanowire arrays.

One of the most important points to be addressed for
device integration is the surface roughness and the contact
resistance between nanowires. The former can be addressed
by lamination [96] preventing shunts from occurring [52],
embedding nanowires within a transparent polymer using a
wet chemical process as demonstrated by Zeng et al [97]
or by sandwiching a metallic nanowire network in between
two ZnO layers [98]. Junction resistances can be lowered by
annealing which can be made very spatially selective using
plasmonic welding [32].

Lastly, improving thermal and more generally environ-
mental stability is a critical issue to address for integrating
nanostructures in devices. Embedding within oxide materials
is proving to be a very promising way to achieve this. Indeed,
it has been used to prevent the thermal degradation of silver
nanowire networks [77, 95, 98–100]. Ramasamy et al [100]
have shown that their TiO2 encapsulated silver nanowires are

thermally stable up to a temperature of 750 ◦C. Recently,
Chung et al [73] and Kim et al [98] have demonstrated
that such embedding is also beneficial for lowering junction
resistances and smoothing the surface morphology, improving
the mechanical adhesion to the substrate while maintaining
good mechanical flexibility.

4. Properties of TCM based on silver nanowire
networks

4.1. Electrical properties

The electrical properties of nanowire networks are dependent
upon several characteristics of the nanowires themselves and
of course the network morphology. In general the resistance
of the network increases as the length of the nanowires
used decreases, and this trend is continued if the wire
diameter is decreased [35, 101]. This increase of resistance
with decreasing wire diameter is due to an increase of the
individual nanowire resistance. This phenomenon was studied
by Bid et al [102] who attribute the increase in resistance
to surface scattering of the electrons, as the diameter of the
nanowire reduces close to or below the mean free path of
electrons of the bulk material. In such case the role of surface
scattering becomes dominant and causes a reduction of the
mean free path then leading to an increase in the resistivity
above that of the bulk.

The role of the nanowire length is less straightforward
as the dependence is a direct result of the percolative nature
of the conduction mechanism in nanowire networks. Hecht
et al [103] take an elegantly simple view of the conduction
mechanism to explain the dependence of network resistance
on length—although initially considered for carbon nanotube
networks it is also applicable for metallic networks. Put
simply, the concept is that for a given network size the
minimum number of nanowires required to cross it is inversely
proportional to the length of the nanowires. The orientations
of the nanowires determine the number of interconnections
required to make the network percolate, but the minimum
number is determined by the length of the wire. In this
model the longer nanowires require fewer wires to make a
conduction path across a given space, thus they have fewer
junctions and fewer transfers between wires. This results in
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Figure 3. SEM images of AgNW networks, the (a) series are top-down views of the sample and the (b) series show off-angle
cross-sectional views. Images 1(a) and (b) are of as-deposited nanowire networks. 2(a) and (b) show the effect of thermal annealing at
200 ◦C for 20 min. 3(a) and (b) show an as-deposited network after rinsing in water and ethanol and 4(a) and (b) show the effect of 5 s of
mechanical pressure applied at 25 MPa. Images adapted from [31] with kind permission from Springer Science + Business Media.

the lower resistances observed in networks made of long
wires.

Beyond the dimensions of the wires themselves, the
wire density plays a large role in the conduction properties
of the network. Many studies have shown that increasing
the number of wires decreases the resistance, however this
also results in a decrease in the optical transmission of the
network [11, 35, 37, 52, 97]. Striking a balance between the
electrical and optical properties has long been the challenge
for transparent conductive materials (see section 4.3). Among
others, there are two specific advantages of nanowire networks
as transparent conductive materials. One is the low sheet
resistances achievable with nanowire systems which can be
on the order of a ten ohms per square, and the other is the
transparency in the infra-red region of the spectrum. This
point will be covered in more detail in section 4.2.

The overall resistance of metallic nanowire networks
depends on the material used to make the network, so far
mainly copper and silver networks are being studied with
the silver networks having the better electrical properties.
Resistance of the network is also determined by the
nanowire density and the junction resistance. The diameter
and length of the nanowires play a crucial role in the
required density for percolation and hence the number of
conduction pathways through the network. Increasing the
density of nanowires above the percolation threshold results
in conduction pathways through the network that are in
parallel, hence as the number of conduction paths increase
the resistance decreases. The junction resistance is determined
by the nature of the junction, this is dependent on how the
nanowires are grown, purified, and deposited. Modification
of the junction resistance has been studied in the literature
and methods such as thermal annealing [11, 31, 59, 97] high
pressure [31], electrical annealing [59], optical sintering [32]
and encapsulation [75, 97] have all been shown to reduce the

resistance of the network. Some examples of post-treatments
and their effects on the morphology of the network are
provided in figure 3.

Q.3

The I–V characteristics of metallic nanowires at low
voltages have been shown to be close to linear [32, 104]
and at higher voltages the electrical breakdown mechanism
of individual single crystal nanowires has been determined to
be due to electromigration of atoms within the wires [104].
Although the nanowires will experience Joule heating as a
result of current flow, the electrical resistance of the individual
wires is low and the thermal conductivity of the wires
is high, resulting in speedy distribution of thermal energy
throughout the network. In such case it has been shown that
electromigration will cause failure of the networks before the
critical temperature to cause thermal failure is reached, as
shown in figure 4.

The exception to this is the case in which the junction
resistance is high—in such case the Joule heating localized
at the junctions between nanowires in the network can act
to increase the local temperature. Fortunately, this typically
results in a reduction of the junction resistance through
thermal sintering of the junction, which then reduces the heat
produced at that point.

4.2. Optical properties

In this section, we focus on optically coupled metallic
nanoparticle networks used as transparent conducting
materials. Emphasis is given to cylindrical geometries.

Nanoscale particles are not new—neither in nature nor in
science. Our ancestors put them to good use when fabricating
magnificent colour pigments and glasses. The vivid colour of
metal colloids, the blueness of the sky, all these observations
are accounted for by elastic light scattering. When an incident
electromagnetic field impacts on a metallic nanoparticle, the
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Figure 4. Electrical breakdown of a silver nanowire, two
measurements were performed (ab and cd). The images show the
wire before and after breakdown. Due to the position of the failure
in each case it was determined that electromigration is the most
likely candidate as the failure mechanism. Scale bar in (a) is
200 nm. Reprinted with permission from [104], copyright 2013
American Chemical Society.

electric field component will set into collective motion both
the bound and the free electrons with respect to fixed positive
ions of the metal. This eventually leads to electronic (which
are essentially independent of the particle size) and geometric
resonances over some spectral regions, effectively polarizing
the material under investigation. Such polarization occurs
if the particle size (the radius r of a spherical particle for
example) is a multiple of the incident wavelength value. In
that case, very narrow peaks are added to the extinction and
scattering efficiencies. The former can be accurately described
using the classical Drude–Lorentz–Sommerfeld equation for
the resulting dielectric function:

ε(ω) = 1−
ω2

p

ω2 + iωγfe
+

∑
j

Sjω
2
j

ω2
j − ω

2 − iωγj
(1)

where ωj and γj are the resonant frequency and the damping
constant of the jth harmonic oscillator, respectively. γfe is the
damping constant of the free electrons and ωp is the bulk
plasma frequency [105].

In metal though, the contribution of free electrons
dominates the dielectric function resulting in a remarkable
effect of light coupling to metallic nanoparticles via
the excitation of surface-plasmon polaritons (SPPs) (as
opposed to ‘bulk’ plasmons) as theorized by the pioneering
work of Ritchie [106] in the 1950s. Surface plasmons
are simply plasmons confined to the surface and are
directly responsible for the geometry dependence of
nanoparticle optical responses. They have both longitudinal
and transverse components and can actually be observed at
high spatial resolution with electron-energy loss spectroscopy
experiments [107, 108] or scanning near-field optical
microscopy [109, 110]. Surface plasmons confined to a
nanostructure are also called localized surface plasmons
(LSPs).

SPPs stem from the relative difference of permittivities
between the metals and the surrounding non-conducting
(dielectric) media. For instance, for metallic cylinders of
infinite length and small diameter, the resonance condition for

Figure 5. Vis–NIR optical transmittance spectra (substrate
subtracted) of indium tin oxide, aluminium-doped zinc oxide,
PEDOT:PSS, silver nanowires and single walled carbon nanotubes.
The associated sheet resistance values are given in brackets.

an SPP resonance is given by ε1 = −εM and ε2 ∼ 0 where
ε1 is the real part of the dielectric function of the particle,
εM the dielectric function of the surrounding medium and ε2
the imaginary part of the dielectric function ε [105]. Surface
plasmons can be damped by surface roughness, domain
boundaries or any other sort of defect.

Having light being concentrated and channelled over
the surface of nanoparticles as well as in between them
results in a strong electromagnetic field enhancement. Indeed,
the amplitude of the electromagnetic field observed in the
vicinity of nanoparticles [111, 112] can amount to several
hundred times that of the incident field in places called
‘hot spots’. Garnett et al [32] put this effect to a practical
use by performing plasmonic welding to assist the sintering
of metallic nanowires into large interconnected networks.
Spechler and Arnold also used this method but employed a
pulsed laser to minimize the excess energy input [113]. This
feature is also used for surface-enhanced Raman spectroscopy
(SERS) [77]. These phenomena illustrate what is called
dependent scattering or ‘optical antenna effects’. Indeed,
while individual nanoparticles exhibit a single or a few
plasmon resonances, much more complex resonance spectra
are observed for interacting and coupled structures. Figure 5
shows different optical transmittance spectra of transparent
conductors in the visible/near-IR range.

The plasma frequency of indium tin oxide and
aluminium-doped zinc oxide falls in the near-IR so that
the optical transmittance drastically decreases in this region.
AgNWs and carbon nanotubes do not show such a feature
and demonstrate similar optical transmittance in the visible
range. For applications requiring conductive films that are
transparent in the IR region of the spectrum, nanostructured
films of metallic nanowires or carbon nanotubes constitute
therefore an excellent choice. In the case of AgNW networks,
the transmittance loss is mainly accounted for by reflective
scattering of light by the nanowires themselves [73]. In
addition, there is a significant reduction of the reflectance
since there is a refraction index gradient (directly resulting
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from having nanowires suspended in air) which is an inherent
factor enabling better coupling of light to the material [114].

On a final note, the ratio of diffuse transmission to
direct transmission of light (the haze factor) of a material
can be considered a critical factor for some applications. As
already briefly discussed in the introduction, the proportion
of scattered transmitted light is an important parameter
which should be considered alongside optical transparency
and sheet resistance. The haze factor is associated with the
degree to which transmitted light is scattered. It is strongly
dependent on the experimental conditions and methods used
for fabrication of the network. It is possible to fabricate
a broad range of metallic nanowire networks with haze
factors from <2% to more than 30% [33]. This range allows
metallic nanowire electrodes to be fabricated to suit many
different applications. More specifically, a low haze factor is
required for display applications with typical values below
2%. Higher values are desirable for enhancing the path
length of light in the absorbing layer of a solar cell, thus
improving the photovoltaic efficiency [115]. Haze factor is
usually not considered, for instance when calculating the
FoM, however recent studies have justly focused on its
importance [33, 116, 117]. Unfortunately it is still difficult
to provide a fair comparison and discussion on AgNW-based
electrode haze factor since the literature reports very dispersed
data. Actually haze factor depends upon several parameters
including NW density or diameter [33], deposition method
and post-processing. Clearly, more work should be dedicated
to this topic as it is of crucial importance for the optimal
integration of AgNW-based transparent electrodes in real
devices.

4.3. Optimizing the electro-optical properties

Optimizing the properties of a TCM is a delicate challenge
which depends upon the considered application. Such a
task is associated with the inherent trade-off between the
two requirements of electrical conductivity and optical
transmittance. Material transparency can be improved by
decreasing the film thickness for a thin film (such as TCO)
or the density of conducting nanoparticles (such as AgNWs
or CNTs or disordered arrays of exfoliated graphene flakes).
However, a very low thickness or low density will result in
significantly less conductive pathways available. This feature
is illustrated in figure 6(a) where optical transmittance versus
sheet resistance is plotted for graphene, single-wall carbon
nanotubes (SWNTs), Cu and Ag NWs [118]. Such a set of
data points is associated with a series of specimens with
varying thickness or density. The data can be fitted by using
two different regimes which can be ascribed to bulk-like and
percolation behaviour [118]. For each material considered, the
bottom-left portion of the data (fitted by the solid line and
corresponding to thicker films) is associated with bulk-like
materials for which dc conductivity is invariant with sample
thickness. Another dependency should be considered for
the high-transparency regime where deviation from bulk-like
behaviour is observed and can be explained by percolation
effects as revealed by the good fit between the dashed lines

Figure 6. (a) Optical transmittance (at 550 nm) versus sheet
resistance for transparent conductors composed of nanostructured
materials. Each set of points can be divided into two regimes: the
bulk regime (solid line) and the percolation regime (dashed line).
Reprinted with permission from [118]. (b) Optical transmittance (at
550 nm) versus sheet resistance for graphene [14–19], carbon
nanotubes [11, 20–26], AgNWs [27–33] and ITO [9, 11, 13]. Solid
lines exhibit iso-values of the figure of merit (see text for
explanations).

and the data in the top-right region of figure 6(a). When the
density of nanowires or nanotubes is decreased the sample
state approaches the threshold for network percolation. At
this point the probability that the network will conduct is
50%, as the percolation threshold across the network is less
and less likely to contain a spanning conduction pathway and
consequently the sheet resistance soars.

The balance between electrical and optical properties
should be quantified to allow comparison of the performance
of TCMs. Therefore figures of merit (FoMs) are considered
based on the physical properties being pursued. The classical
FoM definition of Haacke [119] is commonly used [9, 17];

FoM =
T10

RS
(2)

where T is the optical transmittance measured at a wavelength
of 550 nm, which corresponds to the maximum human visual
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sensitivity and the peak in photon output of the Sun. It is
noteworthy that another FoM often considered is the ratio
between the electrical conductivity and the optical absorption
coefficient.

Figure 6(b) exhibits experimental optical transmission
and sheet resistance data associated with graphene [14–19],
CNTs [11, 20–26], Ag NWs [27–33] and ITO [9, 11, 13]. The
lines show iso-values of the FoM defined by equation (2). The
larger the FoM values, the better the associated electro-optical
properties (so the ideal region corresponds to the top-left of
this graph). While a dispersion of the data points can be
observed, general trends can be stated. ITO properties are still
the best, while metallic nanowires exhibit rather promising
ones. CNTs are associated with lower FoM values because
of the high junction resistance between nanotubes. Graphene
exhibits rather scattered data and except for some studies, such
as by Bae et al [18], suffers from rather large values of sheet
resistance which still excludes it from applications like solar
cells where requirements are the most stringent in terms of
FoM.

4.4. Thermal properties

The thermal properties of metallic nanowires concern their
thermal conductivity, the temperature dependence of their
electrical conductivity as well as their thermal stability.

In recent years, numerous studies of the electrical trans-
port properties of nanostructures have been reported thanks
to the possible applications in miniaturized devices [120].
The mainstream research activities in this field concern oxide
or semiconductor nanowires. Few investigations have been
reported so far on the thermal conductivity of metallic NWs
when compared to electrical conductivity. This stems from the
fact that thermal and electrical conductivities of metals are
intimately related through the Wiedemann–Franz relation, and
electrical conductivity is generally directly accessible from
an experimental view point. However, recently, the thermal
conductivity (K) of Pt nanowires (diameter of 100 nm, length
of 10 µm) was compared with measurements of electrical
conductivity (σ ) at room temperature. Compared with bulk
data, electrical and thermal conductivity of the nanowire
are decreased by a factor of 2.5 and 3.4, Consequently, the
Lorentz number L = K/(σT) of the nanowire was found to
be smaller when compared with the bulk Lorentz number
of metals, the difference being 25% [121]. This decrease is
often related to the grain boundary scattering of electrons.
Indeed, usually small-diameter NWs exhibit larger density
of extended defects (such as grain boundaries) which affect
the electrical resistivity. Other investigations found electrical
properties of Au NWs similar to that of bulk without evidence
of any polycrystalline grain structure [122] even with a
diameter of 55 nm.

When used within an organic material, an AgNW
network can substantially increase the thermal conductivity of
the organic matrix [123]. AgNW array–polymer composites
have also been investigated as thermal interface material for
use as a heat sink in electronic cooling applications [124].
Moreover, AgNW networks can also be used for the

fabrication of flexible transparent thin-film heaters. Thanks
to the intrinsic conductive properties of random AgNW
networks above the percolation threshold, it is possible
to combine flexibility, transparency and high heating
performance at low voltage (i.e. 12 V) which is of interest for
many applications like defrosting, defogging or fabrication of
thermo chromic displays [59].

The electrical resistivity ρ of metallic nanowires
themselves is a topic of current interest as well, since this
is likely to be the dimension of metallic interconnections in
future electronic devices. In the regime where the metallic
NWs have a diameter of a few tens of nanometres ρ depends
upon the metal itself through its defects (impurities, extended
defects such as grain-boundaries or twin boundaries) and their
size [102]. Indeed, the electrical resistance for Ag and Cu
of diameters ranging from 15 to 200 nm adhere well to the
Bloch–Gruneisen model [102] showing only slight differences
with bulk metals. The resistivity of the wires increases when
the wire diameter (DNW) decreases, especially when DNW is
comparable with the mean free path of the electrons (which
is about 50 nm for bulk Ag [125]). This is due to the
dominance of surface scattering effects [126] but also because
low-diameter NWs often exhibit larger defect densities that
induce electron scattering.

Few thorough investigations of the electrical contacts
between two metallic NWs have been reported yet. However,
they seem to play a crucial role as one can see from
the electrical resistance evolution of AgNW networks
during thermal annealing. Indeed, thermal annealing is an
effective method to form fused contacts between NWs which
drastically reduces their electrical resistance. The occurrence
of local sintering is the driving force of such an evolution of
the electrical properties.

Such thermal annealing exhibits a thermal limit above
which the metallic NWs become unstable. This is a case
of classical interfacial instability when dealing with liquid
or solid cylinders when heated, called the Plateau–Rayleigh
instability [127]. The morphological evolution of metallic
NWs have been intensively investigated recently for Au [128],
Cu [129], Pt [130], Sn [131], or Ag [132]. In a simple
approach, perturbations with wavelengths larger than the
original cylinder diameter become unstable. Observations
show that upon thermal annealing metallic wires undergo
various configuration changes. These lead to the wires
breaking into chains of nanospheres at a much lower
temperature than the melting point of the metal due to
this capillary instability. Obviously, such thermal instability
is very detrimental to the electrical conduction of the
NW network. Therefore thermal annealing under controlled
conditions should be carefully considered for optimizing
electrical properties of the metallic NW network. The critical
temperature at which this instability occurs is dependent on
the nature of the nanowires, specifically the diameter and
crystallographic structure. The material used also plays a
role through its intrinsic properties (surface tension, diffusion
coefficients, etc).
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A solution for enhancing thermal stability towards
higher temperature is to embed the NWs within another
material, for instance an oxide. A recent investigation
shows indeed that AgNWs can be efficiently coated with
uniform TiO2 shells [100]. In situ TEM thermal annealing
observations showed that the AgNWs core remains intact
until temperatures of 750 ◦C [100]. Due to this improvement
of thermal stability, such coated metallic nanowires can be
heated sufficiently to be used as a reusable surface for
SERS [77].

4.5. Structural and mechanical properties

The morphology of metallic nanowire networks depends
greatly on the fabrication method employed for the network
production. However, the majority of the current processes
result in a rough surface morphology that may have a
detrimental impact on the operation of devices. Out-of-plane-
oriented wires result in an electrode geometry that is not
strictly planar. This leads to leakage currents, short circuits
and recombination sites in photovoltaic systems. Several
methods have been shown to reduce the problems associated
with stray nanowires. High mechanical pressure has been
shown to increase uniformity in the network geometry and
reduce the 3D morphology to a true 2D network [31].
Encapsulation in transparent conductive polymers has also
been shown to significantly reduce surface roughness
[96, 133].

Understanding the structural behaviour of such networks
has proven to be an interesting field of research and one of
the main advantages of nanowire-based electrodes arises from
the mechanical properties of nanowire networks. Recognizing
that these electrodes are made of metals, it is no surprise that
they show excellent properties when submitted to mechanical
stress (either compression, tension or torsion). All have
little to no effect on the electrical resistance of electrodes
manufactured with metallic nanowires [11, 97, 134]. Figure 7
shows a comparison of three transparent conductive materials
under repeated bending to a radius of curvature of 5 mm.
The ITO films used for this experiment were commercially
purchased ITO on PET from Sigma Aldrich, initial sheet
resistance was ≈60 �/� and film thickness is ≈300 nm.
FTO films were deposited by spray pyrolysis as described
by Consonni et al [135]. The FTO film had a thickness
of 250 nm and sheet resistance of ≈10 �/�. The AgNW
networks were deposited by spin coating and had a surface
density of approximately 100 mg m−2 and sheet resistance
of ≈16 �/�. Clearly, AgNW networks provide a significant
advantage for flexible electronic applications. The reduced
resistance (R− R0)/R0 depicted in figure 7 indicates the ratio
of the change in resistance divided by the initial resistance.

It has been shown that solar cells, organic light-emitting
diodes (OLEDs) and thermal heaters can be produced on
flexible substrates with nanowire electrodes. The ability of
these electrodes to withstand external mechanical stresses
is far above that of most traditional transparent conductive
material. Even crumpling of such transparent electrodes has
been demonstrated recently after deposition of nanowires on

Figure 7. Comparison of TCMs under mechanical bending. During
one cycle the specimen is flat, and then bent up to a radius of
curvature of 5 mm, and returned to the initial position. The TCM is
on the opposite side to the bending radius and is therefore placed
under tension.

a very thin (1.3 µm) piece of polyethylenenaphtalate without
changing the electrical properties [59].

The major weakness of metallic nanowire networks in
the face of mechanical stress is adhesion of the layer to the
substrate material. If friction or adhesive tape are applied
to the network directly, low adhesion of the network to the
substrate generally causes the network to fail. If, however,
the network is placed under mechanical stress that is applied
to the substrate of the network, it has an excellent ability
to follow the substrate flexion. When the force is applied
directly to the network in the form of rubbing or scraping the
adhesion of the nanowires generally fails. This can be reduced
by encapsulating the conductive network but the feasibility of
such an encapsulation depends on the desired application.

Recently, a further exhibition of the remarkable mechan-
ical properties of metallic nanowire materials has emerged
with several papers on stretchable electronic devices using
nanowire networks as the conducting pathways [136–138].
These materials utilize metallic nanowire networks that when
placed under strain ‘unfold’ to expand and fill the space
on the stretched surface of the substrate. The work by Xu
et al [137] used short AgNWs to produce the networks—in
order to enable the electrodes to maintain conductivity at high
strain, networks with high nanowire densities were created.
These networks were not transparent but provided a rare
opportunity for stretchable electronics. Lee et al [136] carried
this work further to enable transparent stretchable electrodes
and managed to achieve networks with an optical transmission
of approximately 90% and sheet resistance of between 9 and
70 �/� that was able to withstand over 460% strain without
significant increase in electrical resistance. This result was
achieved by using comparatively low densities of very long
(200–500 µm) AgNWs [136].
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5. Simulation approaches of the physical properties
of metallic nanowire networks

5.1. Simulation of electrical properties

The electrical properties of nanowire networks can be
simulated by the application of percolation theory to a 2D
stick model [139–141]. These computational approaches to
the conduction through nanowire networks allow exploration
of the effects of variables such as nanowire length, diameter
and density on the electrical properties of the networks.
The Monte Carlo method [103, 139, 142] has been used
to statistically simulate metallic nanowire networks and
through the combination of topology and experimental
data it is possible to model the electrical properties of a
randomly oriented network. Much work has been done in
the realm of percolation theory in relation to 2D conducting
sticks [139–145] but in terms of directly applicable real-
world modelling of these systems the field is still in its
infancy. In relation to this modelling where simulations
are generated, including experimentally determined values
such as length distribution or junction resistance, some
results are beginning to emerge. The work of Coleman
et al [118, 146, 147] combined experimental and theoretical
approaches to the problem of metallic nanowire network
percolation. Combining AFM current mapping of networks
with simulations and direct measurements of the nanowire
junction resistances has enabled the establishment of a strong
relationship between their experimental and theoretical work.

The weakness in the current literature is that almost
universally the nanowires in the systems modelled are a
widthless stick of unit length. This restriction is useful for
rapid calculation but is an approximation that may lead to
inaccurate simulations. Including length distributions in the
simulation and exploring the effect of wire diameter on the
occurrence of percolation is an important next step.

On-going modelling of nanowire networks will enable
the prediction of size effects, optimization of optoelectronic
properties and should lead to a set of selection criteria that
will allow nanowire dimensions to be engineered for specific
device applications.

Such numerical simulations should help to better define
the optimal properties and to predict the optimal device
geometry required to meet the needs of a given application.
For instance, simulations can provide a starting point
concerning the nanowire density or geometry which will
result in a good compromise between optical transmission
and electrical conduction. The latter can be tackled with the
percolation theory while the simulations related to the optical
properties are discussed below.

5.2. Simulation of the optical properties

Simulation of optical properties at the nanoscale is a very
active field of research, for the reasons outlined previously.
For instance, Lee et al [27] have shown that both the optical
transmission and electrical conductance of periodic metal
nano-gratings are in theory and experimentally greater than

those of ITO. Since Maxwell’s equations can be solved
at the microscopic level, the computing methods presented
here are all based on solving these first-principle equations.
Historically, light scattering by single spherical nanoparticle
was the first nanoscale property to be successfully simulated.
This was achieved using the classical Mie scattering theory
by providing an exact solution to Maxwell’s equations [148].
Although Mie’s work refers to light scattering from a spherical
particle only, the discretized Mie formalism provides
an appropriate framework to describe more complicated
shapes [149] such as hexagonal cylinders [150] and even
aggregates. These different methods based on Mie theory to
solve more complex scattering problems are often termed
generalized Mie theory (GMT).

However, when it comes to particles of arbitrary shape,
semi-analytical or numerical methods must be used. The
transfer matrix method (or null-field method) [151] which is
a semi-analytical approach is very attractive for computing
light scattering from complex structures. However, similarly
to Mie theory, there are issues regarding the treatment of
high-aspect-ratio nanoparticles such as cylinders [152, 153].
Nonetheless, Larciprete et al [154] recently used this method
to derive the transmission and reflection coefficients of
random-oriented AgNWs in the IR range. Numerous purely
numerical methods have also emerged over the past few
decades to solve Maxwell’s equations in diverse confined
geometries. They usually make it possible to simulate
efficiently a broader range of particle geometries and
arrangements than the GMT. To name a few, the discrete
dipole approximation (DDA) [155–157] is useful to describe
isolated nanoparticles while the finite difference time domain
(FDTD) [158–160] method is very powerful in describing
grid geometries (as well as arbitrary structures) along with
the Fourier modal method (FMM) [161] which is related to
rigorous coupled-wave analysis (RCWA) [162]. Relatively
unused until recently, the finite element method (FEM)
[27, 163, 164] is now becoming increasingly popular,
especially for describing complex nanowire arrangements.

All these previously mentioned first-principle methods
work very well with either a single, a very limited number
of particles or ordered nanoparticle arrays. However, these
approaches often break down when it comes to modelling the
optical properties of random nanoparticle networks.

Using a statistical approach proves to be more
adequate to the problem [165–167]. The random walk
approach [166–168] correctly represents the random motion
of photons through a three-dimensional structure, although the
photon mean free path must remain small [169]. Moreover,
in a collection of randomly oriented particles, the quantities
of interest are the average scattering and absorption cross
sections since the distinction between individual nanowires
can no longer be made. Computing these average values
has the advantage of taking into account de facto dependent
scattering which would otherwise be conceptually and
computationally very difficult to model.
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6. Applications

Due to their low sheet resistance and high transparency,
AgNW-based electrodes are good candidates for device inte-
gration in existing applications. Their mechanical properties
also provide opportunities for integration in emerging flexible
applications. As has been shown previously, this technology is
compatible with low cost and large-scale processes. However,
some solutions to avoid several drawbacks have to be found
to enable successful industrial integration into devices.

First of all, let us clarify that although the cost of the
bulk silver used to fabricate nanowire films is sometimes
considered as an issue for this emerging TCM, the extremely
small amount of raw metal needed renders this option
economically relevant. Therefore, the use of a noble metal is
not itself an economic issue. For instance, a cost analysis of
PV modules suggests that it is three times less expensive with
AgNW compared to ITO on PET [34].

In terms of applications, control of metallic network
roughness is also a major challenge [27] that has to be
taken into account. Indeed, a major issue comes from
the protruding nanowires from the network that can lead
to electrical shortcuts or leakages in multilayered devices.
Roughness of bare AgNW electrode has been evaluated to be
in the order of hundreds of nm [52, 97] (RMS 30–1000 and
200–300 nm top-to-bottom height). In the literature, different
strategies have been developed to circumvent electrode
roughness. Surface roughness reduction has been achieved by
mechanical pressing [52, 96], thermal annealing [27], polymer
coating [96, 97] surface peeling and transfer processes
[96, 97, 133]. It has been shown that the reduction of surface
roughness by flattening the network not only reduces the risk
of short circuit but also decreases sheet resistance.

As described earlier, a shortcoming of AgNW electrodes
is the poor adhesion of the nanowire network to the substrate.
This issue can be easily circumvented in device applications
by encapsulation with a thin layer of organic materials (Teflon,
PEDOT:PSS. . . ) [11, 52]. Typically devices can be designed
in such a way that the adhesion of the nanowire network to
the substrate becomes less important as it is incorporated into
a multilayered device.

Finally, an extended study of AgNW-based device ageing
has not yet been reported. Nevertheless, it is certainly closely
related to oxidation and sulfuration of nanowires as well as to
electromigration [97]. Device ageing is not directly correlated
to Ag NW electrode ageing and will be dependent largely
on the overall architecture of the device and not solely on
the AgNW layer. Indeed, due to multilayer stacking, it is a
complex mechanism and further studies are needed to explain
possible alteration of electrodes in the long term. However,
flexible Ag nanowire electrodes appear rather stable; they
keep their optical and electrical performances for more than
a year in air, without special care.

In addition to the potential technological integration
issues that have been previously listed, device optimization
should also require tuning the work function of the
electrodes [170] to ease charge carrier injection or collection
in optoelectronic devices with any active layers. For this

purpose, transparent flexible electrodes can for instance be
modified by coating with another transparent layer (organic
compounds, metallic oxides. . . ) [27, 171, 172].

6.1. Solar cells

Many groups are beginning to incorporate silver nanowires
as front electrodes for solar applications [99, 134, 171,
173–176]. Depending on the experimental conditions used for
their fabrication, metallic nanowire networks can have haze
factors varying between 1 and 30% [33]. If low haze factor
is desired, this can be achieved by using spray deposition and
spin coating which can lead to haze factors below 2%. Such
haziness is acceptable for display and window applications.
Fabrication and transfer of nanowire networks by vacuum
filtration has demonstrated nanowire networks exhibiting
haze factor of approximately 30% over the 400–900 nm
spectral range [33]. For application in photovoltaic systems
a high haze factor implies light scattering into the device
and results in a larger effective absorption cross section. As
demonstrated by Chih-Hung et al, increasing haze results
in an increase in efficiency [115]. Gaynor et al [171]
demonstrated approximately a 10% increase in conversion
efficiency by using a Ag nanowire composite electrode over
an ITO standard (� = 3.4% using ITO on plastic and
� = 3.8% for Ag nanowire composite). By using low-haze Q.4

networks and taking advantage of the metal nanowire network
transparency in the IR region of the spectrum, it is possible to
create solar cells semi-transparent in the visible region [174].
These cells absorb some of the light in the visible region and
much of the infra-red, resulting in an average transmission of
about 61% in the 450–650 nm wavelength range [174]. This
type of solar cell could be used to provide tinted windows
that produce energy whilst reducing glare. An advantage of
metallic nanowire networks is demonstrated in the production
of flexible solar cells [173], which is unlikely to be achievable
on any transparent conductive oxide. The flexible solar cells
show a remarkable ability to produce electricity even when
bent to angles of 120◦, as demonstrated in figure 8. These
flexible solar cells are organic polymer cells that incorporate
AgNW networks embedded in PEDOT:PSS, a conductive
polymer.

6.2. Transparent heaters

Transparent heaters have a wide variety of uses. Defrosting
windows in aeroplanes was one of the first applications,
allowing flight at high altitude [10]. Most defrosting or
defogging transparent devices are fabricated using layers of
ITO. But as explained before, such material does not have
significant resistance to mechanical constraints. Thus random
networks of silver nanowires appear to be well adapted if
one wants to make transparent film heaters on conformable
or flexible surfaces. The operating principle is based on
Joule’s law. This rule, also known as Joule heating, describes
the production of heat as the result of a current flowing
through a conductor. When an electric current flows through
a transparent conductor, electric energy is converted to heat

12

langleyd
Sticky Note
The open squares in this brackets should be the greek letter eta η

The remainder of the open squares appear as a unit for ohms per square and are correct.



Nanotechnology 24 (2013) 000000 Topical Review

Figure 8. Flexible solar cell in operation (left) and the I–V curves at different angles. Reprinted with permission from [173], copyright
2013 American Chemical Society.

Figure 9. Heating experiments showing temperature as a function
of time for a 35 �/� film heater on a 125 µm PEN substrate at
different applied voltages. Inset: derivative of the temperature
versus time at 5 V applied bias. Reproduced with kind permission
from Springer Science + Business Media [59].

through resistive losses in the material. It can be written
according to the equation P = V2/R, where V is the applied
voltage, R the total resistance and P the dissipated power.

As has already been explained, limitations of current
in existing commercial technologies can be circumvented
by the adequate use of nanomaterials. For this application,
devices with excellent properties were reported recently
with silver nanowires, in particular on plastic substrates
(see figure 9) [59, 177, 178]. Interestingly, the excellent
optoelectronic properties of AgNW random networks allow
the delivery of significant power at low voltage (typically
below 12 V) which is more suitable for many applications.

6.3. Displays (OLED)

A key advantage of OLEDs or PLEDs (polymer light-emitting
diodes) is that they can be made entirely by solution
process and thus are more suitable for low-cost, large-area
flexible displays and white lighting panels. OLED materials

need current flowing through the active layer to light up.
This means that charge carrier transport properties play an
important role in such devices. Not only the properties of
the active layer itself, but also the interfaces with their
neighbouring layers and the electrodes are of overwhelming
importance [179]. A few studies have examined metallic
nanowire-based OLEDs: good electroluminescent properties
have been reported [97, 133, 170, 180]. In particular, Yu et al
have integrated AgNW polymer composite electrodes in large
angle bending PLEDs (see figure 10).

As in OPV devices, a slight increase of device
performance through higher power efficiency of AgNW-based
OLED devices compared to conventional ITO has been
observed [27, 97, 170, 181–183]. This is partly ascribed
to an enhanced scattering of emitted light by AgNWs.
Recently, Gaynor et al have demonstrated very high-efficiency
ITO-free white OLEDs [179]. The highest luminous efficacy
for an ITO-free white OLED with stabilized viewing
angle and almost perfect Lambertian emission was reported
(see figure 10(d-1))(b). These first studies open the way
towards large-scale integration of AgNW-based electrodes in
emerging flexible display devices.

6.4. Touch panels

Touch-screen technology has become very popular in many
electronic products. It is widely used for smartphones, tablet
PCs, game consoles, electronic information, ticketing kiosks
and other technologies. Few approaches are available, but
the main industrial products currently used are based on
resistive or capacitive touch panels. Since emitted light from
the device comes through the front electrode, it requires a high
transparency with low diffusivity (low haze factor). It is very
likely that in forthcoming years many displays (in particular
for smartphones) will become flexible, and consequently
new bendable transparent conductors will be mandatory for
these applications. The AgNW-based electrodes appear to be
promising candidates, as recently reported using resistive-type
panels [79, 184]. Some of the authors of this review
also fabricated capacitive touch sensors [69], demonstrating
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Figure 10. Photographs of shape memory PLEDs emitting at around 300 cd m−2, bent to a 2.5 mm radius convex (c-1), recovered to flat
shape after heating at 120 ◦C for 1 min (c-2), and bent in the opposite direction as in (c-1) to a 2.5 mm concave radius (c-3). Photographic
image of four operating white tandem OLEDs at 1000 cd m−2 (d-1). Reprinted with permission from [133, 181], copyright 2013 Wiley.

Figure 11. (a) Left, the finger does not touch the sensor surface and oscillation value is 268. Right, the finger touches the surface and
oscillation value is 230. (b) Left, finger is far from the surface thus the LED is off. Right, the finger is touching the sensor which switches on
the LED. (c) Recognition of each electrode (1–4) [69].

that AgNW-based technology offers good performance for
different possible technologies and has the potential to replace
in the short term ITO for future flexible touch-screen panels
(see figure 11). The strength of nanowire networks over ITO
or other oxides in the field of flexible electronics lies in the
fact that the oxide family is typically brittle resulting in short
lifespans of structures deposited on flexible materials.

It was also recently demonstrated that flexible transparent
capacitive sensors can be used for the detection of
deformation and pressure. Capacitive sensor sheets fabricated
by employing AgNW networks embedded in the surface
layer of a polyurethane matrix exhibit good stretchability and
transparency [185].

7. Closing remarks and future work

We have shown that Ag NW networks offer interesting
opportunities for fundamental as well as applied research.

Thanks to the ease to fabricate and network, and also to the
excellent electrical, optical and thermal properties of silver,
AgNW networks exhibit great potential for use as flexible
transparent conductor in several applications including flat
screens, solar cells and transparent heaters. We have discussed
the fabrication of AgNWs and their main properties. The
structural arrangement of the network as well its physical
properties (optical, electrical or mechanical) and its modelling
(using percolation models) have started to be investigated
lately with increasing effort to improve these properties.
Thermal or chemical stability are often mentioned as the
main potential drawback of these nanostructures. However,
further studies are needed to determine the real scope and
limitations, and several post-treatments like coating and
annealing have already proven useful in solving some of
these limitations. The large range of haze factors achievable
with AgNW networks (1–30%) provides a material that
can exhibit advantages in solar cell applications but is still
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suitable for displays and windows. This, combined with
their mechanical flexibility, opens a broad application range.
Several investigations have shown that the use of AgNW
networks can enable new technologies such as flexible solar
cells, flexible heaters, flexible touch-screens and stretchable
electronics. In light of the successful application of this
emerging TCM to these fields, metallic NW networks appear
to be a key contender in emerging nanomaterials.

Further investigations related to this nanostructured
material should be devoted to more precisely understand
and optimize the deposition and post-treatment processes
(thermal annealing, mechanical pressing, plasmonic welding,
encapsulations, etc) needed to reduce sheet resistance and
increase optical transmission as well as haze factor tuning.
Also, the roughness associated with such networks should be
considered to allow better integration in the various (often
multilayered) devices. The optical simulations of important
plasmonic effects in nanostructured random networks and the
local percolation aspects (ensuring for instance an efficient
collection of the generated carriers) should also be addressed
in the future. The association of metallic NW networks
with other very thin films such as graphene or carbon
nanotubes could also become a new emerging nanomaterial
with potentially very interesting properties.

Though this is a recent technology, it offers extremely
promising results that should be confirmed in the next few
years. Both nanoscience and industrial applications should
benefit from the development of this innovative flexible
transparent conductive material.
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