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S1 Arrhenius equation
Describes the conductivity for a thermally activated process1:

(S1)
𝜎 = 𝜎0 𝑒𝑥𝑝⁡( ‒ ∆𝐸𝑎

𝑘𝐵𝑇 )
σ – conductivity, σ0 – constant, equal to conductivity at zero Kelvin, ΔEa – activation 

energy for conduction, T – absolute temperature, kB – Boltzmann’s constant.

S2 A brief conductivity model description

As NTC effect is explainable by a hopping or tunnelling mechanism of charge 

carriers, Mott’s VRH model was considered. VHR model considers the temperature 

dependence on DC conductivity in amorphous and disordered materials (applicable to 

polymer composites). The charge carrier moves (hops) between two localized states 

that have similar energies, but are spatially separated. The main formula is 2:

𝜎(𝑇) =  𝜎0𝑒𝑥𝑝[ ‒ (𝑇0

𝑇 )𝛾]
where σ0 – considered as the limiting value of conductivity at infinite 

temperature, T0 – the characteristic temperature that determines the thermally activated 

hopping among localized states at different energies and considered as a measure of 

disorder, and the exponent γ is related to the dimensionality. For 2D systems γ = 1/3, 

but for 3D systems γ = 1/4.

FNT - Fowler-Nordheim tunnelling

This model considers that electrons are able to cross a barrier of a height due to 

its bending because of intense electric field. The simplified formula for the model is3:

𝐼 = 𝐶𝐹2𝑒
‒ 𝛼

𝐹

where I – tunnelling current strength, F – electric field, and C and α – constants.

For tunnelling in composites, the simplified formula expands 4:

𝐼 ∝

𝑛1

∑
1

𝑣2𝑒𝑥𝑝( ‒
8𝜋𝑠 2𝑚𝜙3

2.96𝑒ℎ𝑣 )
where I – tunnelling current strength, v – voltage, s – thickness of insulating 

layer of the potential barrier, φ – potential barrier height, m – electron mass, h - Planck’s 

constant.
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