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Abstract 

Silver nanowire networks are extensively studied due to their excellent optical and electrical 

properties and exceptional flexibility.  These networks constitute a promising candidate for 

transparent and flexible electrodes applications. However, they can degrade under electrical or 

thermal stresses, so the understanding of the degradation mechanism is crucial for the integration 

of these metallic nanostructures in devices. In the present work, the electrical resistance of about 

200 silver nanowire networks was monitored in situ to study the failure mechanisms under constant 

electrical current and temperature, to assess the prevailing stress in the failure process. For both 

origins of failure, electrical and thermal, the temperature-induced instabilities appear to be the 

prevailing phenomena at the origin of the network degradation. A semi-empirical physical model 

is proposed considering the generated Joule heating and the effect of the imposed temperature. 
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This model allows to calculate the time of failure of silver nanowire networks for different 

electrical and thermal applied conditions and network densities, showing a good agreement with 

experimental data. The proposed model provides a deeper insight and constitutes a quantitative 

prediction tool for stability assessment, thus contributing to propel the integration of nanowire 

networks into devices, thanks to their robustness and reliability. 

KEYWORDS: Transparent conductive materials, TCM, AgNW, stability, transparent electrode, 

transparent heater, Joule heating 

Introduction 

Transparent Electrodes (TE) are essential for a large variety of energy, lighting and heating 

devices, such as solar cells, liquid crystal displays (LCDs), organic light-emitting diodes (OLEDs), 

touch panels, gas sensors, transparent heaters, smart windows, low-emissivity coating, 

electrochromic devices, resistive switching devices, transparent electromagnetic interference 

shielding, medical devices and smart clothing 1–9. While indium tin oxide (ITO) has so far 

dominated the field of transparent electrodes, ITO is becoming too costly 10 and its brittleness is a 

limiting factor for the current increasing demand on flexible electronic devices 11. Metallic 

nanowire random networks represent a promising alternative to ITO, having shown outstanding 

properties in terms of low sheet resistance at high transparency combined with a high flexibility 

3,12,13. In particular, silver nanowire (AgNW) networks exhibit similar optical and electrical 

properties to ITO-based electrodes, namely sheet resistance values below 10 Ω/sq and optical 

transparency of 90% 14, while using less material per unit area 15,16. AgNW networks are also 

mechanically stable under bending tests when deposited on flexible substrates 11. Furthermore, the 
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deposition of these metallic networks is compatible with large area and cheap solution-based 

deposition techniques 17.  

The enhancement of the electrical properties of AgNW networks is directly linked to a reduction 

of resistance of the overall network, mainly due to contact resistance between different nanowires. 

Therefore, the improvement of the electrical resistance can be achieved by desorption of the PVP 

coating on the contact point of adjacent nanowires and by the active diffusion of Ag atoms towards 

nanowire junctions through a local sintering process 18,19. In the literature, the optimization of the 

juntion resistance between overlapped AgNWs has been highly explored using thermal and 

electrical treatments to the metallic network 18,20, as well as mechanical pressure 21, plasmonic 

welding 22 or cold welding techniques 23. Nevertheless, if the temperature increases locally in the 

network, the excess of heating can compromise the conductive properties of the electrode by a 

thermally induced morphological destabilization of the nanowires resulting in a loss of electrical 

percolation.  

This morphological evolution is originated from the thermodynamic Plateau-Rayleigh 

instability18, as the system reduces its surface energy by changing the morphology from nanowires 

to nanoparticles. One of the main interest to study this instability is either to increase thermal 

stability or to use it as a processing route24. It is well-known that the first instability wavelength 

associated to Plateau-Rayleigh instability is the perimeter of a nanowire (2R), when expressed in 

its simplest approach, as reported in textbooks or articles25–27. However, the instability wavelength 

can depend on several parameters, such as temperature or substrate topography28. When applied 

to a metallic nanowire network, this process of spheroidization results in the loss of the network 

percolating nature, which is associated to the divergence of the AgNW network electrical 
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resistance. This phenomenon has been observed in networks under high thermal stresses, for 

temperatures above 250 ºC, depending on the diameter of the nanowires, and affecting the entire 

network29. 

Nevertheless, AgNWs can also be impacted by the flow of electrical current 30,31. When AgNW 

networks undergo a low electrical stress, the main observation concerns the Joule heating effect 

that increases the network temperature over its entire area 32. For larger electrical stress, failure 

mechanism is also observed leading to the loss of electrical percolation of the network 33–35. 

However, the destabilization of the nanowire morphology by spheroidization occurs locally 33,36, 

contrarily to the thermal degradation under thermal stress. Even though both electrical and thermal 

failures show the same kind of AgNW degradation at the nanoscale, driven by the same Plateau-

Rayleigh instability principle, their different phenomenology yields different macroscopic network 

degradation processes. In other words, while thermally-induced failure will occur in nearly all 

nanowires of the heated network, electrically-induced failure will only have a local degradation 

effect of the network in the crack propagated from the hotspots.  

In this study, we explore the impact of combined electrical and thermal stresses on the stability of 

AgNW networks by following the in situ evolution of the networks electrical resistance. In our 

study, we apply a set of current (I) and temperature (T) conditions to similar AgNW networks 

samples, in order to determine the Time of Failure (ToF) in each experiment. In total, nearly 200 

specimens have been investigated with this approach, which is statistically representative. These 

results are then used in a physical semi-empirical model to obtain a predictive method for the ToF 

value, while considering the differences in network densities between networks reflected in initial 

resistance variations and current density (j) applied to each individual network. Therefore, we 
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obtain a semi-empirical current density-temperature (j-T) model dependent on the network density, 

capable of predicting the ToF of transparent and conductive AgNW networks on a glass substrate. 

This prediction appears of clear importance for a better understanding and design of metallic 

nanowire networks for an efficient integration into industrial devices. 

 

Results and Discussion 

Figure 1a) shows the time evolution of the resistance during the electrical and thermal I-T 
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experiment on a sample, which was heated up to 300 °C and electrically stressed at constant current 

of 0.1 A.  

For the sake of clarity, the term “thermal stress” and “electrical stress” have to be explained. One 

can define them in the following way: i) thermal stress (i.e. applying a given temperature) 

drastically activates the atomic diffusion (eq. (5) relates quantitatively its dependence with 

temperature), knowing that surface diffusion appears to play a key role for metallic nanowires; ii) 

electrical stress (i.e. applying an electrical voltage current) mainly accounts for the current-induced 

Joule heating. Conversely to thermal stress for which the temperature is spatially uniform, Joule 

heating could be largely non-homogeneous and local hotspots can exist in some locations and lead 

to AgNW network degradation (see for instance Sannicolo et al. 33) 
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The resistance evolution of 

Figure 1a) can be divided into 5 different regions. Region 1 shows the linear increase of resistance, 

R, with increasing temperature at constant heating rate, in accordance with the metallic behavior 

of AgNW networks: 𝑅(𝑇0 + 𝛥𝑇) = 𝑅0(𝑇0)(1 + 𝛽𝛥𝑇). From this linear relation, one can calculate 

the thermal coefficient for AgNW networks 𝛽𝐴𝑔𝑁𝑊  being 2.1x10-3 K-1, a value close to the one 

reported by Lagrange et al. 14 of 2.2±0.1 x10-3 K-1. At a temperature of around 250 °C, the 

resistance decreases (Region 2) because of the sintering taking place at the junctions between 

nanowires. The surrounding PVP layer of the nanowire exhibits a glass transition temperature of 

174 °C and a melting point at 220 °C 21. The PVP layer degradation increases the contact area of 
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the junctions and leads to an improvement of the overall conductivity of the network. When the 

applied temperature stabilized, in this example at 300 °C, the resistance showed almost no further 

decrease, as observed in Region 3. At this steady state temperature, the current corresponding to 

the examined I-T couple, here 0.1 A, started to be applied. In this method, the current is applied 

and ToF is counted starting from the point at which a steady temperature is reached. The choice of 

a rather high temperature rate (15 °C/min), larger than usual (see Lagrange et al. 14 or Bardet et al. 

37, where thermal ramps of 2 and 5 °C/ min, respectively, were used) was considered in order to 

minimize the morphological instability during the thermal ramp. The electrical power during the 

current flow is dissipated by Joule heating in the AgNW network and is expressed as Pin = I2 R. 

According to Sorel et al. 32 the increase of temperature of a AgNW network due to Joule heating 

can be approximated as: 

𝑇(𝑡) ≈ 𝑇0 +
𝐼2 𝑅

𝛼 𝐴
[1 − 𝑒−𝑡/𝜏] (1) 

𝑇𝑠𝑡𝑎𝑏 = 𝑇0 + (
𝐼2 𝑅

𝛼 𝐴
) for steady-state temperature (2) 

where α and τ are referred as heat and time constant, respectively, and 
𝐼2𝑅

𝐴
 stands for the areal 

power density, while A is the specimen area, and T0 is the applied macroscopic temperature. This 

increase of temperature is concomitant to the temperature imposed on the sample through the hot-

plate and leads to a thermalization of the sample by compensating the heating power. On a closer 

examination at Region 4, a limited increase in resistance can be observed. Therefore, in these 

conditions there is no steady state visible; instead there is a smooth continuity between Region 4 

and 5, without any abrupt change. Region 5 describes the non-reversible degradation of the 

network with a sharp increase of the electrical resistance, which rapidly leads to the failure point. 
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In this I-T experiment, 194 specimens of random silver nanowire networks were produced, which 

exhibit a dispersion in terms of electrical resistance. The initial resistance values of the whole set 

of samples follow a Gaussian distribution (see the red curve in 

Figure 1b), with an average resistance (µ) of 13.4 Ω and a standard deviation (σ) of 5 Ω, as reported 

in 
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Figure 1b). This resistance distribution, ranging from 5 to 28 Ω, originates from the variations of 

the areal mass density (amd) during the deposition of the AgNW networks. SEM observations 

reveal that the amd varies indeed from 70 mg/m2 up to 120 mg/m2 in this group of random 

networks. The electrical resistance has a power-law dependence with the network density 14:  

𝑅 (𝑎𝑚𝑑) =  𝐾 𝜌𝐴𝑔𝑁𝑊
𝑒𝑙  (𝑎𝑚𝑑 – 𝑎𝑚𝑑𝑐  )−𝛾 (3) 

where the resistance is proportional to (𝑎𝑚𝑑 – 𝑎𝑚𝑑𝑐 )−𝛾 for which amdc is the critical density of the 

network for percolation of 39 ± 3 mg/m2 and γ is a proportionality factor between 1.23 and 1.43 

38, considered here as 1.33. K is a specimen shape parameter fitted as (1.0 ± 0.1) x 109 mg4/3.m-
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11/3and 𝜌𝐴𝑔𝑁𝑊
𝑒𝑙  is the electrical resistivity of one single silver nanowire, considered to be 2.0 x10-6 

Ω.cm for a AgNW with a diameter of 79 nm. Moreover, the network resistance is considered in 

series with an instrumental set-up resistance of 1 Ω, as previously reported by Lagrange et al. 14. 

The experimental variation of network resistance with the areal mass density is represented in 

Figure 1c) together with the dependence obtained by applying Equation (3): a fair agreement is 

obtained. A SEM picture corresponding to a network with amd of 73 ± 5 mg/m2 is shown in the 

inset.  
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The ToF of this set of AgNW networks was determined while having into consideration three 

different parameters: the network initial resistance, the applied electrical current and the applied 

temperature. 

Initial network resistance influence 

The dependence of ToF with the network initial resistance was ensured on samples having 

different initial electrical resistances by performing the measurements using the same applied 

temperature and electrical current values. In Figure 2a), the evolution with time of the electrical 

resistance during the I-T experiment is plotted for AgNW networks with initial resistances of 10.5, 

12.4 and 17.4 Ω heated at 150 °C and applying a current of 0.5 A. As shown in Figure 2a), the ToF 

drastically depends on the initial resistance. This is a general trend of the I-T experiment: the higher 

the initial electrical resistance, the shorter the ToF. This result is directly related to the areal power 

density, presented in Equation (2): a higher resistance leads to a higher areal power density, which 

increases the temperature of the specimen. Therefore, the sample degrades faster and the ToF is 

indeed shorter. While a given AgNW network is characterized by its electrical resistance at the 

macroscopic level, locally it exhibits some areas with different network density that can lead to 

different percolation pathways as demonstrated by Sannicolo et al.39 This can eventually give rise 

to hotspots that can locally increase the temperature significantly so as to destabilize the networks, 

triggering the formation of electrical cracks that lead to the electrode failure33. 

Influence of applied temperature 

To observe the influence of temperature, AgNW networks with similar resistance values of 16.0 ± 

0.9 Ω, were chosen along with a constant current 0.25 A. Data associated to the ToF determination 
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for temperatures from 175 to 300 °C are shown in Figure 2b). As expected, the increase of the 

applied temperature, thus the thermal stress, leads to a faster failure. For instance, for temperature 

lower than 200 °C, the samples are stable for more than 24 hours, while for temperatures above 

300 °C the electrical breakdown is very fast, occurring in less than 10 minutes. This can be easily 

explained since increasing temperature leads to a much more efficient atomic diffusion, which 

promotes the kinetics of Plateau-Rayleigh instability and therefore lowers ToF 18. 

Influence of electrical current 

A similar study was performed by applying different electrical current values. A group of AgNW 

networks having an initial resistance of 15.5 ± 0.3 Ω were selected and the temperature was set to 

225 °C. As shown in Figure 2c), as expected, the higher the current applied on AgNW networks, 

the shorter the ToF. For instance AgNW networks remain stable for more than 8 hours under a low 

applied current of 0.1 A. On the other hand, at higher electrical current of 0.25 A, the time of 

failure is much shorter, less than 15 minutes. At even higher values of current, of 0.5 A, we observe 

an almost instant divergence of the electrical resistance. This behavior can also be associated to 

the areal power density, as the increase of current results in a higher areal power density and 

increase of local induced temperature for the AgNW networks (see Equation (2)). 

Towards Predicting the Time of Failure model  

In order to obtain a deeper quantitative insight into the role played by these parameters, a physical 

model is proposed. The experimental approach exposed previously can be used to assess a physical 

and semi-empirical model that can predict the ToF of AgNW networks in under given conditions. 
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The proposed model should be based, in the most pertinent way, on mechanisms of failure 

associated to the induced stresses.  

The thermal approach, where atomic diffusion operates over a characteristic distance, 𝐿𝑡ℎ𝑒𝑟𝑚, 

allowing the AgNW morphological instability occurrence, can be described by the following 

classical equations from atomic diffusion 40: 

𝐿𝑡ℎ𝑒𝑟𝑚 = √2 𝐷 𝑡𝑡ℎ𝑒𝑟𝑚 (4) 

and 𝐷 = 𝐷0 𝑒𝑥𝑝 (−
𝐸

𝑘𝐵𝑇
)  (5) 

where D is the diffusion coefficient and 𝑡𝑡ℎ𝑒𝑟𝑚 is the characteristic thermal time, 𝐷0 and 𝐸 are the 

pre-exponential factor and a thermal activation energy, respectively. These parameters concern 

only the thermal stress. One can combine both Equation (4) and Equation (5) to estimate ToF when 

solely thermal stress is applied; in such conditions ToF can be noted 𝑡𝑡ℎ𝑒𝑟𝑚: 

𝑡𝑡ℎ𝑒𝑟𝑚 =
𝐿𝑡ℎ𝑒𝑟𝑚

2

2𝐷0
𝑒𝑥𝑝 (

𝐸

𝑘𝐵𝑇
)  = 𝐵 𝑒𝑥𝑝 (

𝐸

𝑘𝐵𝑇
) (6) 

with parameter 𝐵 depending on the nanowires features such as their dimensions.  

For the electrical stress, it appears more pertinent to consider a local analysis, replacing then the 

applied current, I, by the current density, j. This has two main advantages: i) the analysis is 

independent on the network dimension, therefore comparison with data from literature is more 

straightforward and ii) comparison between failure at the network scale, as in this work, and the 

AgNW scale, as presented in literature can also be directly achieved. In Supporting Information, 

the geometrical considerations are described to establish a cross-section area (CS) dependence with 
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the network amd. The resulting formula can be expressed for a square network of length L (i.e. 

distance between opposite electrodes) as: 

𝐶𝑆 =
𝐿 𝜋 𝐷𝐴𝑔𝑁𝑊

2

4 l
=

𝐿  𝑎𝑚𝑑  

2 𝜌𝐴𝑔
𝑚  (7) 

where DAgNW is the average diameter of AgNWs.  

Thus, the applied current can be replaced with the corresponding current density, 𝑗 =
𝐼

𝐶𝑆
, in order 

to obtain a relation for the current density j versus the applied current I and the network density, 

amd: 

𝑗 =
2 𝐼 𝜌𝐴𝑔

𝑚

𝐿 𝑎𝑚𝑑
 (8) 

Equation (8) enables to calculate current density values associated to this work: an electrical 

current I of 0.5 A, an amd of 100 mg/m2, L=12.5 mm, then the current density is equal to 0.84 1010 

A/m2 or sometimes as well expressed as 0.84 MA/cm2. This value is coherent with values found 

in literature; Charvin et al. have reported a current density of failure equal to 1.63 MA/cm2 36, and 

Lagrange et al. equal to 3.1 MA/cm2 at 7.5 V41. In addition, Khaligh et al. have estimated by 

simulations that AgNW networks can be stable when carrying an average current density of 0.12 

MA/cm2 42. All these electrical current density values associated to network failure are of the same 

order of magnitude considering that the applied stress is different and AgNW have different 

characteristics, such as dimensions and surface chemistry. Therefore, due to the conversion of 

applied current to applied current density, one can consider all studied AgNW networks and then 

take into account their own electrical resistance value. 
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The ToF, plotted in log scale, for all the networks studied as a function of temperature and applied 

current density is shown in Figure 3. The relation between log (ToF) and the reciprocal temperature 

is depicted in Figure 3a), with a color map representing the current density. In Figure 3b), the ToF 

is presented as a function of the current density, with a color map showing the applied temperature 

for each AgNW network. It is clearly visible that in the extreme case of high current density, i.e. 

1.5 MA/cm2, the AgNW networks degrade very rapidly, with a corresponding ToF lower than 100 

seconds, even when exposed to temperatures below 150 ºC. Inversely, close to zero electrical 

current density, the failure occurs mainly for the samples that undergo applied temperatures over 

300 ºC. The intermediate cases of 0.5 to 1 MA/cm2, the ToF shows large variation values. In this 

region, the ToF values demonstrate an entanglement of both electrical and thermal stress. 

However, observing the evolution of ToF for the same current density, we can notice a general 

trend of a decrease of the ToF as the temperature increases. 

The generalization for both thermal and electrical stresses can be accomplished using the steady 

state temperature Equation (2), which considers that the applying electrical bias induces a local 

temperature increase, due to Joule heating. So, for the calculation of the ToF, during both electrical 

and thermal stress, the temperature 𝑇 can be replaced by 𝑇0 + ∆𝑇, where 𝛥𝑇 corresponds to the 

temperature increase induced by Joule heating. Then Equation (6), which associates the ToF solely 

to the thermal stress, can be in a first approximation used by considering the temperature given by 

Equation (2). Then, the time of failure ToF can be written as: 

𝑇𝑜𝐹 = 𝐵 𝑒𝑥𝑝 (
𝐸 

𝑘𝐵 (𝑇 + ∆𝑇𝑙𝑜𝑐𝑎𝑙)
)  (9) 
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where E is an activation energy, T is the applied temperature and ∆𝑇𝑙𝑜𝑐𝑎𝑙 is the temperature increase 

induced by Joule heating. This local temperature approach is valid at the macroscopic level. As 

already mentioned, the goal is to obtain an expression of ToF restricted to the local level. Instead 

of considering macroscopic parameters, such as the electrical resistance and the current, one can 

consider the local parameters as the amd and the electrical current density. This allows introducing 

the local physical mechanisms. The relation between electrical resistance R and network density 

amd is represented in Equation (3), while the dependence between current I and current density j 

is simply shown as I=j.CS. Therefore, the local increase of temperature, ∆𝑇𝑙𝑜𝑐𝑎𝑙, can be written in 

a way equivalent to the areal power density, locally equal to 𝜌𝑒𝑙j² with 𝜌𝑒𝑙 the electrical resistivity 

of AgNWs, which follows a macroscopic perspective. For a local perspective one can obtain: 

∆𝑇𝑙𝑜𝑐𝑎𝑙 =
𝑎𝑟𝑒𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝛼𝑙𝑜𝑐𝑎𝑙
=

(𝜌𝑒𝑙  𝑗²) (𝑉𝑇
 𝐴𝑔𝑁𝑊𝑠)

𝛼𝑙𝑜𝑐𝑎𝑙 𝐴
 (10) 

where 𝛼𝑙𝑜𝑐𝑎𝑙 is the local heat transfer constant,  𝑉𝑇
 𝐴𝑔𝑁𝑊𝑠

 is the total volume of AgNWs in the 

whole network and A is the network geometric area, equal to L². The term 𝑉𝑇
 𝐴𝑔𝑁𝑊𝑠

 can be 

estimated from the total mass of silver within AgNW network, 𝑀𝑇
 𝐴𝑔𝑁𝑊𝑠

given by : 

𝑀𝑇
 𝐴𝑔𝑁𝑊𝑠

= 𝜌𝐴𝑔
𝑚  𝑉𝑇

 𝐴𝑔𝑁𝑊𝑠
= 𝑎𝑚𝑑 𝐴  (11) 

where 𝜌𝐴𝑔
𝑚  is the silver bulk density, 10.49 g/cm3. Introducing the expression of the total volume 

of AgNWs from Equation (11) into Equation (10), results in an expression for the local increase 

of temperature: 
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∆𝑇𝑙𝑜𝑐𝑎𝑙 =
𝜌𝑒𝑙  𝑗2 𝑎𝑚𝑑

𝛼𝑙𝑜𝑐𝑎𝑙  𝜌𝐴𝑔
𝑚 = 𝐶 𝑗2 𝑎𝑚𝑑 (12) 

where C is a constant equal to 
𝜌𝑒𝑙

𝛼𝑙𝑜𝑐𝑎𝑙 𝜌𝐴𝑔
𝑚 . Equation (12) is easily explained as the local temperature 

increase, ∆𝑇𝑙𝑜𝑐𝑎𝑙, should linearly increase with 𝜌𝑒𝑙, 𝑗2 and amd. Consequently, this model provides 

a way to write the ToF of AgNW network depending on the applied conditions, temperature T and 

current density j, as well as the network amd, as follows: 

𝑇𝑜𝐹 = 𝐵 𝑒𝑥𝑝 (
𝐸 

𝑘𝐵 (𝑇+
𝜌𝑒𝑙 𝑗2 𝑎𝑚𝑑

𝛼𝑙𝑜𝑐𝑎𝑙 𝜌𝐴𝑔
𝑚 )

)  or 𝑇𝑜𝐹 = 𝐵 𝑒𝑥𝑝 (
𝐸

𝑘𝐵 (𝑇+𝐶 𝑗2 𝑎𝑚𝑑)
) (13) 

This last equation possesses only three unknown parameters: 𝐵 (nanowires features parameter), 𝐸 

(activation energy) and 𝛼𝑙𝑜𝑐𝑎𝑙  (local heat transfer constant). Before comparing experimental data 

with the ToF Equation (13), one should keep in mind the limitations of the model associated to 

several hypotheses:  

i) we first assume that the ToF can be expressed in an equivalent form to Equation (6). We consider 

that the surface atomic diffusion, triggering the nanowires morphology change, from wire shape 

to spheres, can be activated either by applied temperature and/or by Joule effect. The associated 

driving force for this process (Plateau-Rayleigh instability) is the reduction of the total surface 

energy; 

ii) we consider that AgNW networks are homogeneous, i.e. identical amd throughout the whole 

sample, leading to a direct I to j relation, which resembles the approaches considered in the 

framework of mean field theory. According to this, in a stochastic model, the effect of all other 
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entities on any given entity is approximated by a single averaged effect. Consequently, we reduce 

a many-body problem into a one-body problem; 

iii) we assume that all AgNWs in the network have identical diameter, and therefore identical 

electrical resistivity 𝜌𝑒𝑙 since the latter depends upon AgNW diameter 43, which is in our 

case 𝜌𝑒𝑙 = 2.0 x10-6 Ω.cm for DAgNW equal to 79 nm. However, every AgNW solution, and as 

consequence every AgNW network, presents a diameter distribution 44,45.  

iv) we disregard other possible  degradation factors reported for AgNW networks, such as 

chemically induced instabilities and high humidity conditions. 

Hence, the model proposed in the present work aims to provide the main tendencies in terms of 

dependence of ToF of AgNW networks with amd, current density and temperature. The model 

aims as well to predict, in a first approximation, the prevailing mechanism responsible for the 

degradation of AgNW networks. This can be helpful to disentangle the electrical and the thermal 

mechanisms of failure. The result of the modelling is presented in Figure 4, in an applied current 

density-applied temperature diagram, where the rainbow color map corresponds to the range of 

the ToF in log scale. The experimental values of ToF represented in Figure 4 for a comparison 

with the model were determined for samples with an average initial resistance of 13.4 Ω (amd 

equal to 86 mg/m2). 

As previously commented, the three unknown parameters are: B, 𝐸 and 𝛼𝑙𝑜𝑐𝑎𝑙 . The activation 

energy E was extracted from the Arrhenius plot, i.e. log (ToF) vs (1/T) when no current is applied. 

The value used in the model is 1.1 ± 0.1 eV, close to those observed in previous works during 

thermal annealing experiments, ranging from 0.3 to 1 eV 46. In addition, the model provides the 
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parameter C equal to (1.97 ± 0.1) x10-14 K.A-2.m6.kg-1, thus, the heat constant 𝛼𝑙𝑜𝑐𝑎𝑙 can be 

calculated as (96 ± 5) W.m-2.K-1 from 𝐶 =
𝜌𝑒𝑙

𝛼𝑙𝑜𝑐𝑎𝑙 𝜌𝐴𝑔
𝑚 . This value is also in the same range than those 

of other metallic nanostructures, and graphene or carbon nanotubes, i.e. from 15 to 123 W.m-2.K-

1, as summarized by Sorel et al. 32. The parameter B is estimated as (5.5± 0.1) x10-8 s. To validate 

this value, B can be introduced in Equation (4) and Equation (5) to determine 𝐿𝑡ℎ𝑒𝑟𝑚, the 

characteristic distance over which the atomic diffusion operates to induce the degradation of the 

AgNW network. The physical meaning of this characteristic distance, 𝐿𝑡ℎ𝑒𝑟𝑚, is the following: 

since surface diffusion plays a key role for nanowires, in order to promote AgNW morphological 

instabilities, Ag atoms diffuse along the AgNW. The simplest approach to perform calculations, 

is to consider for  𝐿𝑡ℎ𝑒𝑟𝑚 the smallest wavelength of the cylinder perturbations that generates 

Plateau-Rayleigh instability. This distance corresponds to the cylinder perimeter 2πR 25. In other 

words it is supposed, for the sake of simplicity, that Ag atoms should diffuse along the AgNW 

surface over a length associated to the AgNW diameter in order to initiate AgNW instability. 

Therefore, B can be estimated as:  

𝐵 =
𝜋2𝐷𝑁𝑊

2

2𝐷0
  (14) 

Since B and DNW are known, one can estimate the value for the pre-factor D0: 4.4 x10-7 m².s-1. This 

pre-factor diffusion D0 can be compared to the atomic surface diffusion on silver (100) 

crystallographic planes which was estimated, for large surfaces, by Jamnig et al. as 3.7 x10-7 m².s-

1 47. Although the geometry is different between silver bulk planar (100) surfaces and the surfaces 

of a AgNW, these two values are rather close. The three parameters determined in the j-T model 
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(𝐸, 𝛼𝑙𝑜𝑐𝑎𝑙 and D0) for silver nanowire networks are summarized in Table 1 with a relative 

comparison with the reported values in the literature. 

Figure 4 enables to compare in the j-T diagram the values resulting from the proposed model 

(background color) with the experimental measurements (circles). The comparison of the different 

ToF shows a rather good agreement for all stress conditions, at least from a qualitative point of 

view. A strict quantitative analysis is difficult to propose since the ToF values span over a range 

of several order of magnitudes: from few seconds for the extreme conditions (high temperature 

and/or high current density) to a few days (i.e. > 105 seconds). Moreover, the main goal of the 

proposed model was to introduce physical requirements that would be summarized in a simple 

formula. This simplified approach would be associated to a very small number of fitting 

parameters, applied for low and high temperature and current density. For such conditions, a 

graphical comparison with a color code was chosen and an overall good agreement between the 

experimental data and the model was obtained in spite of the simplicity of the model. At first 

glance, 3 different regimes are revealed by the semi-empirical model. The first two concern 

extreme cases with either instant or long ToF, represented by the red and blue regions, respectively. 

In the first case, the electrical and thermal stress have both high values (red area), i.e. in a range of 

250-400 °C and 0.75-2 MA/cm2. Inversely, when the stress is moderate, represented in the blue 

region, i.e. current density below 0.75 MA/cm2 and temperature below 250 °C, it can take several 

days for the AgNW networks to degrade. Between these two extremes, there is a rainbow region, 

with a continuous increase of the ToF, indicating an entangled contribution of both electrical and 

thermal stress. This is less prominent for temperatures below 100 °C, where the increase of ToF 

seems independent of the thermal stress and almost linear, in logarithmic scale, with the electrical 
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one. Above this temperature threshold, it becomes harder to distinguish which mechanism of 

failure is dominant. 

We present in Figure 5 the safe working conditions and the general regimes of degradation after 

electrical and thermal stress, in order to complement the j-T model. The three main regimes of 

degradation are directly associated to 3 regions in the j-T diagram: a) the electrical stress is solely 

involved and the impact of temperature is negligible, b) the thermal and the electrical stresses play 

a key role, and c) the thermal stress is dominant for applied temperatures over 300 °C as the low 

or almost zero current density is induced. The SEM images corresponding to these degradation 

regimes are included in Figure 5. In the first case of electrical stress, AgNW networks appear intact 

over the whole network area except from the regions where the crack has propagated 36. Such 

highly localized regions contain damaged nanowires, partially or fully spheroidized, like the ones 

shown in Figure 5a), which is associated to the electrical degradation. In the intermediate case, 

where both the applied temperature and current are significant, the SEM images in Figure 5b) 

reveal similar damages observable in the overall AgNW network, with a fragmentation of silver 

nanowires. Finally in the case where the thermal stress dominates, SEM images, like Figure 5c), 

confirm the complete spheroidization of AgNW over the whole network, as previously observed 

during thermal annealing studies 18. Moreover, it is worth mentioning that the “safe” area for 

appropriate working conditions of a device corresponds to the green zone, for which current 

density and temperature are typically lower than 0.5 MA/cm² and 150 °C, respectively. 

The degradation of the AgNW network appears thermally activated from both high applied 

temperatures and the electrically induced Joule heating. Other studies concerning the current flow, 

usually attribute the failure not only to Joule heating but also to electromigration, inspired by 
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microelectronics and the Black’s mean ToF for semiconductor circuits 34,48. However, the scale of 

the macroscopic physical approach related to AgNW networks is different from the scale of 

individual nanowires, and therefore a direct comparison cannot be achieved 49. Only for conditions 

of low electrical bias and temperatures, previous studies reported a fit of the data with the Black’s 

equation 34. In our case, we observed by experiments and simulation that the degradation is mainly 

driven by thermally induced morphological instabilities, either directly related to high imposed 

temperatures (Plateau-Rayleigh) or indirectly by the power-induced heating (local high current 

density). This approach combined the electrical and thermal contribution to the thermally activated 

atomic diffusion, in order to calculate the ToF. Thanks to its rather good agreement with 

experimental values, as shown by Figure 4, and the prediction of physical constants, summarized 

in Table 1, this j-T model can be used to estimate the lifetime of AgNW networks based devices 

where a significant electrical or thermal stress is applied. 

While the calculated ToF values reported in Figure 4 correspond to a network density of 86 mg/m2 

and AgNW average diameter and length of 79 nm and 7 μm, respectively, the model can easily 

consider other amd values or AgNW dimensions, as well as, other metallic nanowire networks, 

such as copper nanowires. For instance, increasing amd value will correspond to larger ToF values, 

as this will reduce the current density applied. Decreasing AgNW diameter will decrease ToF for 

a faster degradation, since the parameter B in Equation (14) will also decrease; moreover the 

reduction of DNW leads also to an easier spheroidization of AgNW due to thermodynamic 

arguments 14. Finally, while the present work is focused on bare AgNW networks, a similar 

approach could also be applied on coated AgNW, which exhibit enhanced thermal and electrical 

stability 11,50 thanks to the presence of thin oxide layers. To deposit in a conformal way the latter, 

spatial atomic layer deposition can be employed, which is a vacuum-free and scalable technique 
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51, therefore compatible with high throughput AgNW networks production such as roll-to-roll 

technology.  

 

Conclusions 

The stability under electrical and/or thermal stress is crucial for the performance and integration 

of AgNW networks into devices for many applications. Nearly 200 AgNW networks, with 

different initial electrical resistances, were investigated by measuring in situ the evolution of the 

resistance for an applied current and a given temperature. The increase of the resistance above a 

critical usage was used to  determine their ToF, under thermal and electrical stresses. 

Consequently, we obtained statistically relevant data, showing the prevailing tendencies for both 

electrical and thermal stresses. The influence of initial network resistance, applied electrical 

current and temperature was thoroughly analyzed. Our results show the presence of three different 

regions in the obtained  j-T diagram: two extreme cases of high and moderate stress, and a region 

where both thermal and electrical stresses exhibit both significant effects. In the extreme cases, the 

failure can be either ultra-fast or take several days, while in the intermediate cases it is rather hard 

to distinguish which stress is the prevailing failure mechanism among thermal and electrical stress.  

A semi-empirical model is proposed to estimate the ToF of a network for given conditions of 

electrical bias and/or temperature, as well as different network areal mass density. The model is 

based on the physical idea that the temperature associated to the diffusion mechanisms can be 

considered as the applied temperature at the origin of the Plateau-Rayleigh instability, plus an 

additional term which stems from the power-induced Joule heating, associated to the local high 

current density.  
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The good agreement between calculated and experimentally observed ToF values indeed shows 

that this physical hypothesis appears relevant, as the degradation of the metallic network is 

grounded on a thermally activated phenomenon. The proposed model provides a useful tool for 

estimating the lifetime of AgNW networks when subjected to electrical and thermal stress. 

Therefore, the present approach, although semi-empirical, can be used for any metallic nanowire 

networks and it can have an important impact to propel the integration of metallic nanowire 

networks in industrial devices thanks to an optimized design of the network. 

 

Experimental Methods 

Deposition of AgNW networks 

Silver nanowires were kindly provided by the research team of Jean-Pierre Simonato from CEA-

LETI, France; the synthesis of these AgNWs is detailed in Mayousse et al.  52. AgNWs exhibit an 

average diameter of 79 ± 10 nm and an average length of 7 ± 3 µm. The AgNW dispersion was 

prepared with a concentration of 0.1 g/L in methanol. An alkaline 12.5×12.5 mm2 earth 

boroaluminosilicate glass (Corning 1737) was used as substrate. Glass cleaning consisted in 

sonication during 15 minutes in isopropanol, rinsing with distilled water, and finally drying with 

N2 gas. The fabrication of the AgNW networks was conducted via spray deposition using a home-

made airbrush set-up composed of a spray gun, a robotic arm and a heating plate. N2 was used as 

spraying gas with a pressure of 1.4 bar. Substrates were heated at 110 °C to easily evaporate the 

solvent and to avoid coffee rings formation. The network density was controlled by adjusting the 

number of spray cycles, and measured after network fabrication thanks to scanning electron 
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microscopy (SEM). Silver-paste-based contacts were manually deposited at two opposite sides of 

the square specimen and dried for 12 hours in the ambient air. 

Characterization techniques  

Scanning Electron Microscopy (SEM) was conducted in a FEI Quanta 250 FEG-ESEM tool. The 

areal mass density (amd), which corresponds to the mass of material per unit surface, was 

estimated using SEM micrographs with the same area size and a plugin of the Software ImageJ. 

Endurance test under thermal and electrical stresses  

The electrical and thermal endurance tests were performed in a home-made set-up including a hot 

plate with a Proportional Integral Derivative (PID) controlled system and a thermocouple and two 

pairs of two-point probes. These two pairs of two-point probes were used to measure 

simultaneously two different samples under the same experimental conditions. The heating 

parameters were controlled by a National Instruments™ input module thanks to a LabVIEW 

software that controls and records every second voltage, current, resistance and temperature. The 

electrical characteristics were obtained via a Keithley 2400 sourcemeter. The measurements took 

place in open air and a low current of 5 mA was applied to measure the electrical resistance, such 

a low value leads to a negligible electrical impact on the network. The current values applied were 

0, 0.1, 0.25, 0.5 and 0.75 A. The temperature was varied from 50 to 400 °C, with an increasing 

step value of 25 °C. The heating rate was of 15 °C/min in all the experiments to rapidly increase 

the temperature of the sample without compromising the mechanical stability of the glass 

substrate. The protocol followed for each I-T couple of data points was to apply a constant current 

only once the temperature reached the steady-state value, and then until the network resistance 
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reached 5 kΩ. 

Figure 1a) shows the successive steps of the I-T experiment. The stabilization time ranged between 

5 and 10 minutes after the beginning of the heat up stage. The moment when the target current is 

applied is considered as “zero” time of the experiment, i.e. when both temperature and current are 

imposed on the sample. At the moment that the network resistance reaches 5 kΩ, i.e. about 400 

times larger than the initial resistance, the duration is defined as Time of Failure (ToF). The value 

of 5 kΩ was selected since it corresponds to a state where the AgNW networks have been degraded 

already enough to alter seriously any device usage for the great majority of applications. 
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Figure 1. a) Example of a time evolution for the resistance (black curve) of a AgNW network 

during I-T experiment, for which a temperature of 300 ºC is applied (red curve), followed by 

application of an electrical current of 0.1 A. Five different steps can be observed for the time 

dependence of the electrical resistance (see text for description); b) Statistical distribution of the 

initial resistance, 1 Ω intervals, of all the 194 studied AgNW networks in the I-T experiment. The 

red curve corresponds to a fitted Gaussian. The associated mean value  of 13.4 Ω and standard 

deviation  of 5.0 Ω are reported; c) Network resistance versus areal mass density (amd) of AgNW 

networks for the whole set of samples in the I-T experiment. The dashed line represents the power 

law (Eq. 3) between resistance and the network areal mass density. Inset represents a SEM picture 

of a network with a density of 73 ± 5 mg/m2. 
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Figure 2. Influence of a) initial network resistance, b) applied temperature and c) applied current 

on the time of failure, depicted by the time evolution of resistance during the I-T experiment. In 

each case, the investigated parameter (initial resistance, current or temperature) is varied while the 

other two are maintained constant. The orange regions represent schematically the temperature 

evolution and the dashed vertical line shows the moment when the set temperature is reached and 

the current starts to be applied. a) Three samples with initial resistance from 10.5 to 17.4 Ω are 

tested under the 150 °C and a current of 0.5 A. b) Various temperatures from 175 to 300 °C are 

applied in a set of samples with similar resistance of 16.0 ± 0.9 Ω under constant current of 0.25 

A. c) Three different values of current (0.1, 0.25, 0.5 A) are applied in a group of samples with 

similar resistance of 15.5 ± 0.3 Ω, at a temperature of 225 °C. 
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Figure 3. Time to failure associated to all AgNW networks of the j-T experiment plotted in log 

scale, with the current density calculated from the applied electrical bias and the initial resistance 

of each network. The graphs demonstrate the relation of ToF with a) the reciprocal temperature 

and b) the current density. The color scale of each data corresponds to the current density and the 

applied temperature, respectively. 
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Figure 4. Current density - Temperature diagram (j-T) including both calculated and experimental 

values of the time of failure (ToF) for AgNW networks. The color map represents the calculated 

ToF and duration examples are noted in the rainbow scale, i.e. 1 second, 1 minute, 1 hour etc. The 

circles correspond to experimental j-T couples and their inside color corresponds to the 

experimentally measured ToF. The model equation is presented on top of the graph and 

corresponds to (Eq.13). The calculated ToF values correspond to a network electrical resistance of 

13.4 Ω, associated to amd equal to 86 mg/m2. 
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Figure 5. Schematic representation of the j-T experiment, showing the ranges of the applied 

current density and temperature. The extreme cases, where current density and/or temperature are 

high, lead to fast degradation of AgNWs and they are associated with different mechanisms of 

failure. SEM images correspond to the 3 general regimes of the degradation, when: a) solely a 

high current density is applied, i.e. 1.5 MA/cm2, and the impact of the temperature is negligible 

(below 100 °C). In this case, the propagation of a crack has severely degraded AgNW within a 

very narrow area where the crack did propagate, b) high stress of both electrical and thermal nature 

is induced, with values above 1 MA/cm2 and 200 °C, respectively; c) the thermal stress is 

dominant, with applied temperatures over 300 °C, and the current bias is roughly lower than 0.5 

MA/cm2. In this case, the Plateau-Rayleigh instability causes the spheroidization of the nanowires.  

Table 1 Parameters determined in the j-T model and comparison with the literature 
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Parameters Symbol Units Model Values Literature 

Values 

Reference 

Thermal activation 

energy  

E  eV 1.1 ± 0.1 0.3 - 1  Lagrange et 

al. 46 

Local heat transfer 

constant 

 αlocal W.m-2.K-1 96 ± 5  15-123  Sorel et al. 32 

Pre-factor diffusion 

coefficient 

D0  m².s-1 (4.4 ±0.1 ) x 10-7  3.7 x10-7  Jamnig et al. 

47 
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