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Abstract

Thin networks of high aspect ratio conductive nanowires can combine high electrical

conductivity with excellent optical transparency, which has led to a widespread use of

nanowires in transparent electrodes, transistors, sensors, and flexible and stretchable

conductors. Although the material and application aspects of conductive nanowire films

have been thoroughly explored, there is still no model which can relate fundamental

physical quantities, like wire resistance, contact resistance and nanowire density, to the

sheet resistance of the film. Here we derive an analytical model for the electrical con-

duction within nanowire networks based on an analysis of the parallel resistor network.

The model captures the transport characteristics and fits a wide range of experimental

data, allowing for the determination of physical parameters and performance limiting

factors, in sharp contrast to the commonly employed percolation theory. The model
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thus constitutes a useful tool with predictive power for the evaluation and optimization

of nanowire networks in various applications.

Conductive nanowires come in many forms, the most prevalent being silver and copper

nanowires (AgNWs, CuNWs) and carbon nanotubes (CNTs, here also referred to as wires).1–3

Thin transparent nanowire networks are used in a wide range of applications4–7 and the

conduction in such films can be approximated by that of a 2D wire network. The performance

of nanowire networks is typically measured in terms of sheet resistance (Rs) as a function

of optical transmittance T. For a network consisting of identical wires randomly distributed

in a square of side S, three parameters affect the conduction; the wire resistance Rw, the

contact resistance Rc, and the normalized wire density D = Nw
L2

S2 , where Nw is the number

of wires and L is the nanowire length. The critical density Dc = 5.638 marks the onset of

percolation, where the cluster of intersecting wires becomes infinitely large, or in practical

terms, the minimal density at which a sample is conductive. Percolation theory states

that close to the critical density, the electrical conductivity σ of the network is given by

the expression σ ∼ (D − Dc)
−β where the critical exponent of conduction was found to

be β = 1.23 − 1.43.8,9 Despite the fact that most experimental samples are prepared at

manifolds of the critical density ,10–13 percolation theory has been widely employed to fit

sheet resistances as a function of density.10,14–18 From simulations and experimental data,

the critical exponent has been found to be in the range β = [1, 2] and to depend on the

Rw/Rc ratio and the nanowire density.9,19 This practice is problematic in two ways: first,

it is highly questionable whether percolation theory is valid in the studied density ranges

and therefore its application would amount to empirical power law fits; secondly, the fits

provide no information about the physical parameters of the systems, therefore adding little

value in the analysis of experimental data. Zezelj et al. proposed an alternative model based

on the scaling behaviour in the wire and contact resistance dominated regimes, although

without predictive power.19 Here we propose a radically different approach from that of

percolation theory, by in contrast assuming a high degree of interconnectivity within the
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Figure 1. Transport model for nanowire networks. a, Three simulated
samples at densities 1.04, 1.23 and 2.00 times the critical density. The network is
in contact with two electrodes (gray) of potentials Vl (left) and Vr (right). The
mean voltage of the wires is represented in a heat color scale. b, The voltage of
each node in the system is plotted against their horizontal position in the sample.
The denser the system becomes the narrower the voltage fluctuations are around
a linear trend. c, A wire in a network has on average n = 0.2027πD contacts
to neighboring wires. d, The surrounding network of a wire is approximated
by a potential backplane, with which the wire is coupled through the contacts.
To avoid double-counting, the contact resistance to the backplane is half of the
wire-wire resistance. e, In the direction of electrical transport, contacts will
mainly carry current (yellow-orange arrows) in end-to-begin configurations (for
details, see Fig. S7). f, The electrical circuit defining a wire’s interaction with
the average potential background (red-yellow gradient). The angle (θ) of the wire
with respect to the background potential gradient determines the magnitude of
the contact potentials.

network, which is in line with real experimental samples. Based on an approximation of

the resistor network of the system, we derive a closed form expression which relates Rs to

the physical parameters of the nanowire network. The model is extensively verified against

numerical simulations as well as experimental data from AgNWs, CuNWs and single walled

CNTs (SWCNTs),20–32 for which it provides physically meaningful parameters. The model is

used to explore the effect of various parameters on the system, and to provide a criteria for
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when the conduction is limited only by the wire resistance (optimal performance). Numerical

simulation of the conduction within 2D stick networks was used for benchmarking the model

under development. To limit edge effects intrinsic to finite networks (see Fig. S4),19 systems

of 250000 wires were studied in a density range of D =[7,65], resulting in sample sizes of

60 to 190 wires long. Special care was taken for the implementation of the external contact

pads to the network, and the linear scaling with respect to network length was verified (Fig.

S5). Experimental samples can be smaller than 60 wire lengths and our simulations indicate

that samples 10 wires long deviate from their asymptotic value by at most 4%. A thorough

investigation of those effects can be found in19,33.

Results and Discussion

For sufficiently dense networks, the electric potential shows a linear trend with small devia-

tions (Fig. 1a,b, Fig. S6). This is in line with experimental measurements by Sannicolo et

al.,34 where the voltage homogeneity is found to appear at about twice the critical density

like in our simulations. This indicates that the wires are residing in a well-ordered environ-

ment of limited potential fluctuations. We therefore hypothesize that the transport within

the system can be described by the interaction of individual decoupled wires with a linear

average potential background. The problem is thus reduced to determining the wire inter-

action with the potential background through the contacts. The number of contacts per

wire in a 2D network follows a Poisson law with a mean value n = 0.2027πD.35 To avoid

double counting of contact resistances, the effective contact resistance Rc/2 was used (Fig.

1d). Furthermore, as current will mainly flow through contacts when the end of a wire is

connected to the beginning of another, on average only half of the contacts will carry current

(Fig. 1e, Fig. S5), resulting in an effective number of contacts na = n/2. Altogether, this

leads to the resistor circuit of Fig. 1f.
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Figure 2. Comparison of the matrix inversion and the analytical for-
mula to the random stick model. a, Calculated sheet resistance of stick
models composed of 250 000 wires with Rw = 56.23 Ω and Rc from 10−1 to 104 Ω
(solid lines) see SI for details on the model. (left) The matrix inversion approach
reproduces the stick model simulation for a wide range of densities and contact
resistances. (right) The analytical formula (eqn. (6)) gives an excellent fit with
less than 5% error for D > 20. b,c, In samples of density D = 30, the voltage and
current of all wire segments are plotted, with respect to the wires’ middle points,
for b, Rc = 104 Ω and c, Rc = 10−1 Ω (blue). The average (purple), the matrix
(green) and analytical (orange) predictions are practically indistinguishable. d,e)
Wire segment current versus angular deviation from the macroscopic direction of
electrical transport for d Rc = 104 Ω and e Rc = 10−1 Ω).

The voltage drop V0 along a horizontal wire is

V0 := Vtot
L

S
(1)

where Vtot is the voltage drop across the electrode pads. The current on the wire is pro-

portional to the voltage gradient over the wire. For a wire deviating an angle θ from a line

perpendicular to the pads, this is equal to V0 cos(θ). We therefore define i0 as the average

current on a horizontal wire per potential unit. Before detailing the computation of i0, we

provide the steps to compute the sheet resistance of the sample. The total current through

the sample is calculated by summing the average current on wires on a cut parallel to the

contact pads. For a given angle θ, there are about Nw
L
S

cos(θ) wires in such a cut. The
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current flowing through these wires is V0i0 cos(θ). Thus, the total current is

Itot = V0i0Nw
L

S
〈cos(θ)2〉 = V0Nw

L

2S
i0 (2)

Following Ohm’s law, the sheet resistance Rs is

Rs =
Vtot
Itot

= Vtot
2S2

L2NwVtoti0
≡ 2

i0D
(3)

The circuit problem depicted in Fig. 1f can be solved by matrix inversion of the corre-

sponding system of equations, but since there is no analytic expression for such solutions,

the dependency of Rs on physical parameters remains unclear. Therefore, we converted the

discrete problem into a continuous one which has an analytical solution. At position x, the

voltage on the wire is defined as u(x). The current at x is the sum of the currents that

entered the contacts located before x:

d

dx
u(x)

L

Rw

=
∑
xi<x

[
u(xi)− V0cos(θ)

xi
L

] 2

Rc

(4)

with xi being the contact positions. This expression can be cast into a differential equation

for u(x) by approximating the sum by an integral, giving an analytical solution for the

current i0 (eq. S10 onwards):

i0(D,Rw, Rc) =

2

Rw

[
1

2
rm

√
Rcrm

2Rwna
tanh

(√
Rwnarm

2Rc

)]
(5)

where rm :=
na−1+Rc[Rc+

Rw
na+1 ]

−1

na+1
is the effective wire length (eq. S17). The resulting sheet
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resistance:

Rs(D,Rw, Rc) =

Rw

D

[
1

2
rm −

√
Rcrm

2Rwna
tanh

(√
Rwnarm

2Rc

)]−1

(6)

The analytical and matrix approximations were evaluated against the simulated stick model

for a network of a typical AgNW, 10 µm long and 60 nm in diameter (Rw = 56.23 Ω).

The left panel of Fig. 2a shows the comparison between the stick model and the matrix

model for various densities and contact resistances. The matrix model deviates less than 9%

for D > 15. The right panel of Fig. 2b shows the corresponding graph for the analytical

model, which deviates less than 6% for D > 15. To evaluate how well the approximations

capture the transport on the individual wire level, the local potentials and currents in the

wires of the stick model were extracted and compared to the approximations (Fig. 2b-e).

Fig. 2b shows the voltage (top) and current (bottom) profile along wires in a system with

Rc = 104 Ω and a density of D = 30. For the same system Fig. 2d shows the average

current per wire depending on the wire orientation. Fig. 2c,e show the same measures, but

for Rc = 10−1 Ω. The averages of the scatter plots and the corresponding theoretical curves

are practically indistinguishable, demonstrating that both approximations indeed capture

the transport properties on the single wire level.

Next, we used the analytical model to fit a large set of experimental data of AgNWs,

CuNWs and SWCNTs (Fig. 3).20–32 The selection criteria for the data were: thin networks;

high aspect ratio nanowires; low noise; and specified nanowire geometry. For nearly all the

data, the nanowire density is given in terms of transmittance T . For a nanowire network,

the transmittance is given by20,36,37

T = 1− AcK (7)
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where AC is the areal coverage and K is a parameter related to the type and diameter of

the nanowires. The density is given by (eq. S20-S23)

D =
L

d2
1− T
Ki

(8)

where L is wire length, d is diameter, KAgNW = 1.468 ·107m−1 and KCuNW = 1.598 ·107m−1

(KAgNW , KCuNW fitted parameters, see S19-S23 and Fig S8.)

As both the wire and contact resistances were unknown in the data, both parameters

were fitted. Fig. 3b shows such fits to AgNW data, for which the density was explicitly spec-

ified. The fitted wire resistance values of those samples correspond to the bulk conductivity

of silver (Fig. 3h), which makes sense as bulk conductivity is expected for diameter>100

nm.38 For wires of diameters less than 100 nm, the extracted conductivities are still close to

that of bulk silver, which is expected as the analyzed nanowires were chemically synthesized

and not electrodeposited.38 Next, samples containing AgNWs of three different diameters

were fitted (Fig. 3c). The smallest diameter AgNWs showed the best performance, despite

having the highest contact resistance (Fig. 3h). Fig. 3d shows data from the same batch of

AgNWs but with different number of cleaning steps, where each step reduces the thickness

of the polyvinylpyrrolidone capping layer. The Rc values obtained by the fitting follow the

expected decreasing trend with the number of AgNW cleaning cycles. Fig. 3e shows data

from some of the best performing AgNW films, and as expected, the fitted Rc values from

these data are among the lowest in the AgNW data set. Data from CuNWs are displayed

and fitted in Fig. 3f. The fits are satisfactory, although the noise in the CuNW dataset is

higher than in the AgNW one. The fitted parameters for all the AgNW and CuNW data are

shown in Fig. 3h, with the following trends: the Rc values of the CuNWs is similar or higher

than those of the AgNWs; the NWs of larger diameter exhibit close-to-bulk conductivity; Rc

tends to decrease with increasing NW diameter d. The contact area between wires depends

linearly on the diameter (Fig. S10), thus Rc is expected to be inversely proportional to d.
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6.5x50, ref. 31
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CuNWs
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diameters

AgNWs
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high performance
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SWCNTs
- pristine
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- pristine
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Figure 3. Analysis of transparent nanowire electrode data. a, AgNW
(grey), CuNW (orange) and SWCNT (black) data from literature for transpar-
ent nanowire electrodes. The AgNW electrode shows best optoelectronic perfor-
mance, followed by the CuNWs and the SWCNTs. b-e, Fitted AgNW data for
b, given mass density, c, different diameters (d = 20, 30 and 40 nm), d, different
number of cleaning steps, e, some of the best reported AgNW data. f, Fits of
CuNW data from literature. g, Fits of SWCNT data before (black) and after
(red) HNO3 treatment. h, Extracted Rc and Rw values from the AgNW and
CuNW fits, error bars represent one standard deviation. Rw0 is the wire resis-
tance calculated from the wire geometry assuming bulk conductivity. i, Extracted
Rc and Rw values from the fits of the SWCNTs data, showing pristine (black)
and HNO3 treated samples (red).

The dataset from Lee et al.24 contains AgNWs synthesized in a similar manner but with three

different diameters. A fit with a power law yielded an exponent of -1.27±0.53 (Fig. S11), in

agreement with the theoretical prediction. This again demonstrates how the extracted pa-
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rameters of the model provide physically meaningful information on the single-nanowire level.

Metallic SWCNTs represent another major class of materials for transparent electrodes.

The transmittance of SWCNT films is related to the density of tubes in the film.39 The

analytical model can therefore be directly applied to thin SWCNT films, but with one com-

plication: SWCNTs often form bundles. In terms of our model, bundles of SWCNTs should

be considered as single wires. Fig. 3g shows data for SWCNT films before (black) and

after (red) HNO3 treatment. Upon treatment, the SWCNTs are doped and both Rc and Rw

decrease (Fig. 3i), resulting in improved film conductivities. In order to fit the data, the

SWCNT bundles from31 and32 were estimated to be 50 and 25 nm in diameter from SEM

images of respective samples. The obtained Rc values are in the range of 104 to 107 Ω, while

the average resistance of the SWCNTs lies in the 104 to 106 Ω range, both in line with the

values reported in literature.40 One should note that the fitted parameters depend strongly

on the assumed bundle diameter, thus knowledge of this parameter is of great importance

in order to obtain relevant Rc and Rw values from the fits.

Overall, this extensive analysis shows that our model fits the experimental data very

well and captures the trends convincingly, especially considering the inherent variability

related to sample preparation. The parameters extracted for the AgNW and CuNW films

lie in the expected range obtained from measurements on single NWs.41,42 The model was

derived for straight wires however the ones present in experimental samples are usually

bent. Remarkably, the model is insensitive to the curvature of wires up to small bending

radii (see Fig. S14). This was verified with simulations by curving wires into circular arcs

and comparing them to the straight wire system (see supplementary information). This

extends the validity of the model and explains the high degree of accuracy reported in Fig.

3. Given that the model includes only physical parameters and its excellent agreement with

the experimental data, it can be used to predictively explore the implications of various
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parameters on the optoelectronic performance. Fig. 4a shows the performance of AgNWs of

20 µm x 50 nm for various Rc values. The performance saturates for Rc <= 10 Ω, which is

a relatively low value for Rc. When instead the diameter of the AgNWs is varied (Fig. 4b),

a high Rc can be compensated by a small diameter, as this results in a higher number of

contacts per wire for a certain transmittance. The same effect can be achieved by changing

the length of the AgNWs (Fig. 4c). These effects are further explored in Fig. 4d, where

Rs was calculated for various L and Rc. Also here it is evident that a high Rc can be

compensated by having long NWs. Altogether, this demonstrates why the best performing

transparent electrodes use long and narrow NWs: the high number of contacts on each wire,

for a specific transmittance, render them rather insensitive to contact resistance. However,

at low densities and Rc the conductivity is also affected by the effective length of the NWs,

i.e. the dead ends without any contact. High aspect ratio also helps in this regard as the

relative amount of dead ends decrease with the aspect ratio for a specific transmittance. It

is of interest to find a criterion for when a NW film has near optimal performance, e.g. when

the conduction is not limited by Rc. This criterion can be derived analytically (eq. S28 in

SI):

Rc <
πD

20

(
t− 1

t

)2

Rw (9)

where t is the tolerance (t = 1.1 means that RS is 10% higher than for RC = 0). For instance,

if the contact resistance of a film is less than D · Rw/220Ω, its sheet resistance will be at

most 20% higher than that of a film with no contact resistance.

Conclusions

In conclusion, we have derived a closed-form analytical model for the conduction in thin

nanowire networks. The model contains only physical parameters such as geometry, normal-

ized density, wire resistance and contact resistance, and it fits a wide range of transparent
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a

RC = 0 RC = 1000

RC = 1000

b

c

d

RC = 0

RS

RC =

Figure 4. Calculated trends in optoelectronic performance. a, Calcu-
lated curves for 20 µm x 50 nm AgNWs for different Rc values. For the best
performance Rc should be below 10 Ω in this case. b, Curves for 20 µm long
AgNWs with different diameters and Rc values. The impact of high Rc values
can be offset by small nanowire diameter, as this gives a higher NW density for a
certain transmittance. c, Calculated curves for AgNWs with different L and Rc

values. At low density shorter NWs have worse performance even at Rc = 0 Ω.
d, Rs for 95% transmittance in AgNW networks with different Rc and L values.
Long NWs allow for high performance with less sensitivity to contact resistance.

electrode data from the literature. The analysis reveals two quantities which govern the

performance of NW films: the Rc/(D ·Rw) ratio and the effective length of the wires. Com-

putational investigation reveals that the model is insensitive to curvature of wires up to

moderate bending radii. All together this provides a theoretically coherent framework for

physical understanding of the system, as well as an easy-to-use tool. This is in stark contrast

to the previous use of percolation theory, as the fitting parameters of the percolation law

vary strongly and have no clear physical significance (Fig. S12). The use of percolation

theory yields nothing more than arbitrary power law fits, the overuse of which is well doc-
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umented in literature.43 We therefore envision that our new approach can be applied in an

analogous fashion to other well-interconnected particle systems, where percolation theory is

still dominating the literature. Finally, our model provides an easy-to-use tool for the devel-

opment and analysis of nanowire films for a wide range of applications, including transparent

electrodes, transistors, sensors, and flexible and stretchable conductors.

Methods

Numerical simulations

All simulations were implemented in Python. For a given choice of normalized density D,

250000 wires of constant length L and uniformly distributed angles were randomly placed

in a square of side S according to S = L
√

250000/D. All the junctions in the system

were calculated (two wires crossing) and attributed a potential node ui on either side of the

junction. The junction was given a fixed resistance Rc, and the wire piece separating adjacent

nodes on a wire was given a resistance by Rbit = ρLbit whereby Lbit is the length of the

separation, and ρ is the linear resistivity of a silver cylinder of 30 nm radius. Every potential

node possesses up to 3 neighbors, and one can employ current conservation equations (see

eq. S1) to setup the circuit equations of the system. The electrodes are considered to be

equipotential, and the left one is grounded (set to 0 potential). The boundary condition to

make the matrix system determined is to send a unit current into the right electrode and

out of the left electrode. This provides an extremely sparse set of linear equations that can

be efficiently solved with the BLAS,UMFPACK routines (scipy.sparse). The solution yields

in particular the potential of the right electrode, and since a unit current was sent through

the system, this potential of the right electrode is equivalent to the resistance of the sample.

Special care has to be taken to calculate the contact resistance of wires lying partially in

the sample and on the electrodes. Indeed, in order to ensure correct scaling of the sheet

resistance when lengthening or widening the sample, the effective contact resistance of those
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wires towards the electrode has to be equal to Rc/n, where n is the number of contacts

formed with other wires over the electrode.

Generation of scatter plots 2b-e

The simulated sample gives access to the potential across every junction inside the system.

This allows to extract the voltage profile of the wire at the position of the junctions, and

also the current on the sections connecting to adjacent junctions on a wire. For the scatter

plots, samples of D = 30 were simulated. The effective length of each wire is determined

by the first and the last junction position. In order to compare the sample wires to the

theoretical wires, the potential and current profiles were aligned so that the middle point of

every simulated wire coincide (Fig. 2b-e). The mean of the scatter plots contain 4 million

points, and their average was taken in 300 bins along x. To compare the mean of the scatter

with the formula, we distributed N contacts, where N follows a Poisson distribution of mean

na = 0.2027πD/2. Then, the voltage at those contact points was computed first via matrix

inversion, and second via the solution of eq. S12 of the SI. This provided voltage points

along these wires which were also centered around their middle point, and the average was

computed in 300 bins along x. For plots 2d,e, the total current on the wire was plotted in

function of the wire’s angle inside the system, and the solid lines are simply i0 cos(θ) where

i0 is given by eq. 5 for the formula, and the current calculation via matrix inversion of the

circuit depicted in Fig. 1f).

Fitting of experimental data

Data was gathered from 13 publications, which were selected based on the availability of

nanowire/SWCNT specifications and low-noise measurement data. Since the nanowire den-

sities were given as transmittance values in most of the publications, the normalized nanowire

density was calculated according to eq. 8. The logarithm of the data was fitted by eq. 6,

employing a nonlinear least-square fit in MATLAB based on the trust-region-reflective al-
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gorithm. For AgNWs and CuNWs, the lower bound for Rw was set to the theoretical Rw0

values calculated from the bulk conductivity of the materials. For SWCNTs, the bundle size

was estimated from SEM images and was set to 50 nm for31 and 25 nm for.32 The number of

SWCNTs per bundle was determined based on the SWCNT diameter and hexagonal packing

of the nanotubes into a larger cylinder.

Acknowledgements

The research was financed by ETH Zurich, and the Swedish Government Strategic Re-

search Area in Materials Science on Functional Materials at Linköping University (Faculty

Grant SFO Mat LiU No 2009 00971), and the Swedish Foundation for Strategic Research.

Author contributions

C.F., J.V., K.T. conceived the project. C.F. performed the numerical simulations with

L.D.’s assistance. C.F., K.T. developed and derived the model. C.F., K.T. wrote the first

draft of the manuscript and all authors contributed to the finalization of the manuscript.

Supporting Information Available

Supporting derivations, calculations and figures are provided. This material is available free

of charge via the Internet at http://pubs.acs.org.

Competing financial interests

The authors declare no competing financial interests.

References

(1) Sun, Y.; Xia, Y. Large-scale synthesis of uniform silver nanowires through a soft, self-

seeding, polyol process. Adv. Mater. 2002, 14, 833–837.

15



(2) Rathmell, A. R.; Bergin, S. M.; Hua, Y. L.; Li, Z. Y.; Wiley, B. J. The growth mecha-

nism of copper nanowires and their properties in flexible, transparent conducting films.

Adv. Mater. 2010, 22, 3558–3563.

(3) Journet, C.; Maser, W. K.; Bernier, P.; Loiseau, A.; Lamy de la Chapelle, M.;

Lefrant, S.; Deniard, P.; Lee, R.; Fischer, J. E. Large-scale production of single-walled

carbon nanotubes by the electric-arc technique. Nature 1997, 388, 756–758.

(4) Lee, J. Y.; Connor, S. T.; Cui, Y.; Peumans, P. Solution-processed metal nanowire

mesh transparent electrodes. Nano Lett. 2008, 8, 689–692.

(5) Li, J.; Lu, Y.; Ye, Q.; Cinke, M.; Han, J.; Meyyappan, M. Carbon nanotube sensors

for gas and organic vapor detection. Nano Lett. 2003, 3, 929–933.

(6) Xu, F.; Zhu, Y. Highly conductive and stretchable silver nanowire conductors. Adv.

Mater. 2012, 24, 5117–5122.

(7) Langley, D.; Giusti, G.; Mayousse, C.; Celle, C.; Bellet, D.; Simonato, J. P. Flexible

transparent conductive materials based on silver nanowire networks: A review. Nan-

otechnology 2013, 24 .

(8) Balberg, I.; Binenbaum, N.; Anderson, C. H. Critical behavior of the two-dimensional

sticks system. Phys. Rev. Lett. 1983, 51, 1605–1608.

(9) Li, J.; Zhang, S.-L. Conductivity exponents in stick percolation. Phys. Rev. E. Stat.

Nonlin. Soft Matter Phys. 2010, 81, 021120.

(10) Bergin, S. M.; Chen, Y.-H.; Rathmell, A. R.; Charbonneau, P.; Li, Z.-Y.; Wiley, B. J.

The effect of nanowire length and diameter on the properties of transparent, conducting

nanowire films. Nanoscale 2012, 4, 1996.

(11) Unalan, H. E.; Fanchini, G.; Kanwal, A.; Pasquier, A. D.; Chhowalla, M. Design criteria

16



for transparent single-wall carbon nanotube thin-film transistors. Nano Lett. 2006, 6,

677–682.

(12) Du, F.; Fischer, J. E.; Winey, K. I. Effect of nanotube alignment on percolation con-

ductivity in carbon nanotube/polymer composites. Phys. Rev. B - Condens. Matter

Mater. Phys. 2005, 72, 1–4.

(13) Xue, J.; Song, J.; Dong, Y.; Xu, L.; Li, J.; Zeng, H. Nanowire-based transparent

conductors for flexible electronics and optoelectronics. Sci. Bull. 2017, 62, 143–156.

(14) Wu, H.; Kong, D.; Ruan, Z.; Hsu, P.-C.; Wang, S.; Yu, Z.; Carney, T. J.; Hu, L.;

Fan, S.; Cui, Y. A transparent electrode based on a metal nanotrough network. Nat.

Nanotechnol. 2013, 8, 421–425.

(15) Lee, M.; Im, J.; Lee, B. Y.; Myung, S.; Kang, J.; Huang, L.; Kwon, Y. K.; Hong, S.

Linker-free directed assembly of high-performance integrated devices based on nan-

otubes and nanowires. Nat. Nanotechnol. 2006, 1, 66–71.

(16) Ellmer, K. Past achievements and future challenges in the development of optically

transparent electrodes. Nat. Photonics 2012, 6 .

(17) De, S.; J.King, P.; E.Lyons, P.; Khan, U.; N.Coleman, J. Size Effects and the problem

with percolation in nanostructures transparent conductors. ACS Nano 2010, 4, 7064–

7072.

(18) Hu, L.; Hecht, D. S.; Grüner, G. Percolation in Transparent and Conducting Carbon

Nanotube Networks. Nano Lett. 2004, 4, 2513–2517.

(19) Žeželj, M.; Stanković, I. From percolating to dense random stick networks: Conductivity

model investigation. Phys. Rev. B - Condens. Matter Mater. Phys. 2012, 86 .

17



(20) Lagrange, M.; Langley, D. P.; Giusti, G.; Jiménez, C.; Bréchet, Y.; Bellet, D. Opti-

mization of silver nanowire-based transparent electrodes: effects of density, size and

thermal annealing. Nanoscale 2015, 7, 17410–23.

(21) Large, M. J.; Burn, J.; King, A. A.; Ogilvie, S. P.; Jurewicz, I.; Dalton, A. B. Predicting

the optoelectronic properties of nanowire films based on control of length polydispersity.

Sci. Rep. 2016, 6, 25365.

(22) Mayousse, C.; Celle, C.; Fraczkiewicz, A.; Simonato, J.-P. Stability of silver nanowire

based electrodes under environmental and electrical stresses. Nanoscale 2015, 7, 2107–

2115.

(23) Li, B.; Ye, S.; Stewart, I. E.; Alvarez, S.; Wiley, B. J. Synthesis and Purification of

Silver Nanowires to Make Conducting Films with a Transmittance of 99%. Nano Lett.

2015, 15, 6722–6726.

(24) Lee, E.-J.; Kim, Y.-H.; Hwang, D. K.; Choi, W. K.; Kim, J.-Y. Synthesis and op-

toelectronic characteristics of 20 nm diameter silver nanowires for highly transparent

electrode films. RSC Adv. 2016, 6, 11702–11710.

(25) Choe, J.-h.; Jang, A.-y.; Kim, J.-h.; Chung, C.-h.; Hong, K.-h. Effects of Dispersion

Solvent on the Spray Coating Deposition of Silver Nanowires. Korean J. Met. Mater.

2017, 55, 509–514.

(26) Wang, J.; Jiu, J.; Araki, T.; Nogi, M.; Sugahara, T.; Nagao, S.; Koga, H.; He, P.;

Suganuma, K. Silver nanowire electrodes: Conductivity improvement without post-

treatment and application in capacitive pressure sensors. Nano-Micro Lett. 2014, 7,

51–58.

(27) Won, Y.; Kim, A.; Lee, D.; Yang, W.; Woo, K.; Jeong, S.; Moon, J. Annealing-free

fabrication of highly oxidation-resistive copper nanowire composite conductors for pho-

tovoltaics. NPG Asia Mater. 2014, 6, e105.

18



(28) Hwang, C.; An, J.; Choi, B. D.; Kim, K.; Jung, S.-W.; Baeg, K.-J.; Kim, M.-G.;

Ok, K. M.; Hong, J. Controlled aqueous synthesis of ultra-long copper nanowires for

stretchable transparent conducting electrode. J. Mater. Chem. C 2016, 4, 1441–1447.

(29) Borchert, J. W.; Stewart, I. E.; Ye, S.; Rathmell, A. R.; Wiley, B. J.; Winey, K. I. Effects

of length dispersity and film fabrication on the sheet resistance of copper nanowire

transparent conductors. Nanoscale 2015, 7, 14496–14504.

(30) Zhang, D.; Wang, R.; Wen, M.; Weng, D.; Cui, X.; Sun, J.; Li, H.; Lu, Y. Synthesis of

ultralong copper nanowires for high-performance transparent electrodes. J. Am. Chem.

Soc. 2012, 134, 14283–14286.

(31) Liu, Q.; Fujigaya, T.; Cheng, H.-M.; Nakashima, N. Free-Standing Highly Conduc-

tive Transparent Ultrathin Single-Walled Carbon Nanotube Films. J. Am. Chem. Soc.

2010, 132, 16581–16586.

(32) Scardaci, V.; Coull, R.; Coleman, J. N. Very thin transparent, conductive carbon nan-

otube films on flexible substrates. Appl. Phys. Lett. 2010, 97, 1–4.

(33) Žeželj, M.; Stanković, I.; Belić, A. Finite-size scaling in asymmetric systems of perco-

lating sticks. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 2012, 85, 1–6.

(34) Sannicolo, T.; Charvin, N.; Flandin, L.; Kraus, S.; Papanastasiou, D. T.; Celle, C.;

Simonato, J. P.; Muñoz-Rojas, D.; Jiménez, C.; Bellet, D. Electrical Mapping of Silver

Nanowire Networks: A Versatile Tool for Imaging Network Homogeneity and Degrada-

tion Dynamics during Failure. ACS Nano 2018, 12, 4648–4659.

(35) Heitz, J.; Leroy, Y.; Hébrard, L.; Lallement, C. Theoretical characterization of the

topology of connected carbon nanotubes in random networks. Nanotechnology 2011,

22, 345703.

19



(36) Khanarian, G.; Joo, J.; Liu, X.; Eastman, P.; Werner, D.; Connell, K. O. The optical

and electrical properties of silver nanowire mesh films. J. Appl. Phys. 2013, 024302,

0–14.

(37) Ye, S.; Stewart, I. E.; Chen, Z.; Li, B.; Rathmell, A. R.; Wiley, B. J. How Copper

Nanowires Grow and How to Control Their Properties. Acc. Chem. Res. 2016, 49,

442–451.

(38) Ye, S.; Rathmell, A. R.; Chen, Z.; Stewart, I. E.; Wiley, B. J. Metal nanowire networks:

The next generation of transparent conductors. Adv. Mater. 2014, 26, 6670–6687.

(39) Banica, R.; Ursu, D.; Svera, P.; Sarvas, C.; Rus, S. F.; Novaconi, S.; Kellenberger, A.;

Racu, A. V.; Nyari, T.; Vaszilcsin, N. Electrical properties optimization of silver

nanowires supported on polyethylene terephthalate. Part. Sci. Technol. 2016, 34, 217–

222.

(40) Garrett, M. P.; Ivanov, I. N.; Gerhardt, R. A.; Puretzky, A. A.; Geohegan, D. B.

Separation of junction and bundle resistance in single wall carbon nanotube percolation

networks by impedance spectroscopy. Appl. Phys. Lett. 2010, 97 .

(41) Selzer, F.; Floresca, C.; Kneppe, D.; Bormann, L.; Sachse, C.; Weiß, N.; Eychmüller, A.;

Amassian, A.; Müller-Meskamp, L.; Leo, K. Electrical limit of silver nanowire elec-

trodes: Direct measurement of the nanowire junction resistance. Appl. Phys. Lett. 2016,

108 .

(42) Bellew, A. T.; Manning, H. G.; Gomes da Rocha, C.; Ferreira, M. S.; Boland, J. J.

Resistance of Single Ag Nanowire Junctions and Their Role in the Conductivity of

Nanowire Networks. ACS Nano 2015, 9, 11422–11429.

(43) Sridhara, G.; Hill, E.; Pollock, L.; Vijay-Shanker, K. Identifying word relations in

software: A comparative study of semantic similarity tools. IEEE Int. Conf. Progr.

Compr. 2008, 123–132.

20


	Försättsblad
	achemso_final

