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Abstract—High-power signals are distorted by the contact 

nonlinearity of conductors with rough surfaces. Resistivities are 
obtained for a pair and array of the contact asperities in metal-
insulator-metal (MIM) junctions. An improved model of the 

tunnelling resistivity is proposed and its accuracy is illustrated 
by numerical analysis. The developed model is further applied 
to the analysis of the thermal effect on the contact resistivity of 

rough conductors.   

Index Terms—contact resistivity, nonlinearity, passive 

intermodulation (PIM), signal distortion, tunnelling current 

I.  INTRODUCTION  

The rapidly growing amount and rate of data transmission 

pose major challenges to communications and navigation 

systems [1], [2]. The integrity of the information signals is a 

critical issue, which depends on the properties of materials and 

their contact joints at radio frequencies (RF). The linearity of 

the RF materials is particularly important for the design of 

passive devices such as antennas, filters, and multiplexers. 

These devices are exposed to high power at the RF front-end 

of smart multi-radio base stations and exhibit weakly 

nonlinear behaviour that results in spurious emissions [3]. 

Efficient mitigation of the debilitating effects of nonlinear 

distortions in antennas and passive components is a critical 

requirement for modern RF front-ends [4], [5].  

Contacts and joints of good conductors with rough 

surfaces exhibit nonlinear behaviour when subjected to high-

power RF signals [6], [7]. Antennas and passive RF devices 

are very sensitive to the passive nonlinearities caused by 

surface finish and deformations in the mechanical joints. The 

passive nonlinearities generate parasitic harmonics, mix 

frequencies, and cause passive intermodulation (PIM). They 

are responsible for additional noise and signal distortions in 

wireless and space communications systems, radars, and radio 

astronomy instruments [2], [8].  

PIM is a nagging problem related to complex multiphysics 

effects. The basic mechanisms of PIM generation have been 

studied in contacts [9]-[12], printed transmission lines [13]-

[16], cable assemblies [6], [7], [14], coaxial connectors [17], 

[18] and antennas [8]. The main sources of PIM in conductor 

joints include charge tunnelling in Metal–Insulator–Metal 

(MIM) junctions [9]- [12], electro-thermal effects [18], [19], 

and mechanical deformations of rough contact surfaces [20]-

[22].  

The electrical contacts of rough surfaces were studied in 

micro-electro-mechanical systems (MEMS) [ref?]. But the 

developed models are linear and limited to weak RF signals. 

The contact nonlinearities in conductor joints of rough 

surfaces were recently studied in coaxial connectors [17], [18] 

and waveguide flanges [22]. But weak nonlinearities and their 

effects on PIM in antennas and passive RF devices are tackled 

by mostly semi-empirical methods [23] which is not good 

enough.  

The contact nonlinearities of rough conductors manifest 

themselves at several different time scales. The fastest 

nonlinearities are associated with the charge tunnelling and 

current constriction in the MIM junctions of asperities [6]. The 

tunnelling current strongly depends on the contact area size 

and thickness of an insulating layer that is determined by the 

contact pressure, deformation, and slightly by temperature. 

The mechanical deformations of the contact area and the heat 

flow are much slower than the charge tunnelling. Therefore, 

these effects on the RF signal distortions in antennas and 

wireless interfaces develop at significantly different time 

scales.  

The nonlinearity of charge tunnelling through a thin 

insulating layer was studied first in contact junctions of good 

conductors. Sommerfeld and Bethe [24] examined the cases 

of a small and high voltage bias and an intermediate voltage 

bias was analysed by Holm [9]. But Holm’s model was 

incorrect. Simmons has developed an alternative model [10], 

which provides a proper qualitative estimate of the resistivity 

of the MIM junction. But the accuracy of the Simmons model 

degrades when the thickness of the insulating layers is 

commensurate with its lattice constant. Our numerical 

estimates show that the error of the Simmons model can 

exceed 40% at the thin insulator layers or/and low heights of 

the potential barriers.  

In this work, an advanced nonlinear model is developed 

for the nonlinear behaviour of the conductor joints subjected 

to high RF power. The model is applied to the analysis of the 

PIM generation by the junctions of good conductors in the 

base station antennas and RF front end. The model has higher 

accuracy and correlates well with the results of the numerical 

analysis. The model is further extended to account for the 

temperature effect on the nonlinearity of contact resistivity of 

conductors with rough surfaces.  

II. CONTACT RESISTANCE OF ROUGH CONDUCTORS 

A contact of conductors with rough surfaces is illustrated 
in Fig. 1. The distance  between the asperity bases usually 
varies in the range of 1 – 3 m. Asperities have random 
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heights and are distributed uniformly, whilst their tips are 
aligned vertically.  

An equivalent circuit of a contact in a pair of asperities is 
shown in Fig. 2. It includes the asperity resistances Rc1j, Rc2j, 
a tunnelling resistance Rj of the insulating layer, and a contact 
capacitance Cj. It is important to note that VRj(t) depends on 
the source voltage V(t) and termination load ZL  
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As the nonlinearity of Rj is weak, the voltage at the contact 

spot is determined by the linear approximation of the contact 

resistance Rj shown in Fig. 2. When the contact joint is 

subjected to the high power, the nonlinearity of Rj becomes 

significant, and VRj(t) is calculated iteratively. 

The contacts of rough surfaces with multiple asperities of 

random heights are represented by an equivalent circuit in 

Fig. 3. These contacts are modelled as the parallel connected 

pairs of the contact asperities. In this case, the voltage at mth 

contact pair is calculated by taking into account the couplings 

between adjacent asperities  
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where V0m is the voltage drop in mth contact pair at t=0, 

Qm = j(0), m = CjmRc12m, Cjm, Rjm, Rc12m are the circuit 

parameters of mth contact pair, 0 121
1 .

N

N c nn
Z R

=
= +   n are 

the solutions of the following algebraic system at Re n > 0 
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where ( )0 12n N n c nB Z R =  define the asperity couplings. 

When surfaces are pressed together, the couplings between 

nonadjacent asperity pairs are exponentially weak. Then 

system (3) can be reduced to the tridiagonal form, and n are 

obtained from the solution of the successive cubic equations. 

When the contacts separated by thin insulating layers are 

exposed to the strong RF power, their resistances Rjm are 

nonlinear due to the tunnelling effect. Then Qm depend on 

VRjm(t) and should be evaluated by iterations, similar to the 

case of a single contact pair. Owing to the inherently strong 

confinement of the tunnelling charges to the contact joints, 

the iterations converge rapidly. The tunnelling effects plays a 

primary role in the contact resistivity of asperities and it is 

discussed next.    

III. TUNNELING CHARACTERSTIC 

Charges tunnelling through nanoscopic oxide films at the 

joints of good conductors enables current flow in the MIM 

contacts. Probability D(U) that electron with energy U pass a 

potential barrier V(x) is usually evaluated with Wentzel, 

Kramers, Brillouin and Jeffreys (WKBJ) approximation [25] 
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where h is Planck constant, s is the width of the potential 

barrier, H is the Heaviside function (one for positive inputs, 

otherwise zero) and m is the electron mass. The potential 

barrier V(x) can be measured from the edge of the Fermi level, 

so V(x) = η + φ(x) where  is the Fermi level and φ(x) is the 

height of the potential barrier from the Fermi level. At smooth 

variations of φ(x), it can be averaged and approximated by its 

mean value therefore ( )V x  = +  where   is the mean 
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, 

Fig. 1. Contact of two rough surfaces with random 

asperity heights at the surface base separation . 

V(t) 
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Rj 

Cj 

Z0 

Fig. 2. Equivalent circuit of the contact of an 

asperity pair. Rj and Cj are the resistance and 

capacitance of the contact spot due to tunneling 

phenomenon; Rc1j, Rc1j are the conductor 

resistances outside contact spot due to the 

constriction of current; Z0 is external load 

impedance; V(t) is voltage source.  



barrier height above the Fermi level of the negatively biased 

electrode. Then D(U) is reduced to [10]  
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where 4 2A s m h=  and the current density j at a contact 

junction is determined by the numbers N1(U) and N2(U) of 

electrons tunnelling in opposite directions, transmission 

probability, and electron charge 
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where the maximum energy Em of electrons depends on their 

energy in an electrode because the electrons’ energy levels 

are usually close to Fermi level, so Em is flexible and it is 

chosen to be always less than potential barrier height, 

therefore Heaviside function can be ignored. Taking into 

account that N1(U) and N2(U) depend on the potential 

difference Vg between the contact conductors, the current 

density in (6) can be evaluated by using D(U) approximation 

given in (5)  
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In good conductors,  is much larger than  . Then the last 

term in (7)  is very small and can be neglected. The remaining 

first 2 terms in (7) resemble Simmons model of j(Vg) in [10]. 

But in contrast to Simmons, ( )   contains additional terms 

( )3 3A +  which play an increasingly important role in thin 

insulating layers of small thickness s. Namely, at  = 2 eV 

and insulator layers of thicknesses 0.5 nm, 1 nm, 2 nm, and 3 

nm, the ratios ( ) ( )
2

3 1A A +  are 0.41, 0.21, 0.1 and 

0.07, respectively. This implies that in the case of a single 

crystal film of Al2O3 with a lattice size of 0.47591 nm 0, a 

relative error of Simmons model exceeds 40%.  

The current densities j(Vg) of MIM junction, calculated by 

Holm, Simmons and the refined model, are shown in Fig. 4 

in comparison with the numerical analysis of the WKBJ 

approximation (4) with nonzero Fermi-Dirac distribution 

assumption and (6). It is evident that the proposed model (7) 
is very close to the numerical simulations and noticeably 

differs from the results of the Holm and Simmons models. 

The uncertainty of Simmons’s model reduces, when the 

thickness of the oxide layer increases and does not exceed a 

few percent at low voltages and larger values of A  .  

 

 
Fig. 4. Comparison of Simmons, Holm and the refined model with 

the numerical simulations at 2eV, =1nm.s =   

IV. EFFECT OF JUNCTION TEMPERATURE 

The analytical model of contact characteristic discussed in 

the previous section was developed for zero temperature of the 

contact junction (N1 and N2 were temperature-independent). 

At higher temperatures T, the number of tunnelling charges is 

scaled by the normalised Fermi-Dirac distribution function 
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where k is Boltzmann constant and T is in Kelvins. Then the 

number of electrons with energy U is obtained from (8) as  

        

( )

( )

1 3

2 3

4
ln 1 exp

4
ln 1 exp

g

m kT U
N U

kTh

U eVm kT
N U

kTh

 



 −  
= + −  

  

 + −  
= + −  

   

  (9) 

 When N1,2(U) are given by (9) in case that temperature 

approaches zero they are converted to a Heaviside function: 

depending on the sign of U-η and U+eVg-η, the current density 

in (6) does not have closed form and must be evaluated 

numerically. The simulation results in Fig. 5 show that the 

temperature variations of the MIM junction have a minor 

effect on the current density of tunnelling charges. A 

comparison of Fig. 4 and Fig. 5 also demonstrates that the 
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Cj1 

Z0 

RjN 

CjN 
Rc2N Rc1N 

Rc22 Rc12 

Rj2 
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Fig. 3. Equivalent circuit of contact 

surfaces with N asperity pairs. 



approximations used in the analytical models cause much 

larger errors than variations of ambient temperature can 

inflict.   

 

 

Fig. 5. Comparison of the numerical and the refined analytical 

solutions at different temperatures at 2eV, =1nm.s =  

V. CONCLUSIONS 

Contacts of good conductors with rough surfaces have 

been studied in the context of their applications in antennas 

and passive devices of the RF front end. The improved 

models are devised for a single pair and an array of contact 

asperities. The tunnelling resistivity models of the contact 

joints exhibit fairly high accuracy, especially for the MIM 

junctions with thin insulating layers. Self-consistent analysis 

of the closed circuits with the source and resistive load has 

shown that the nonlinear contact resistivity strongly depends 

on the roughness of the conductor surfaces with random 

patterns of asperity heights. The simulation results have 

shown that the effect of ambient temperature on the contact 

resistivity of Al-Al2O3-Al junctions with rough surfaces is 

rather weak and has a minor effect on contact nonlinearity. 

Measurement validation is to be conducted soon and 

hopefully the results could be presented at the conference.  
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