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Abstract: Passive intermodulation (PIM) is a niggling phenomenon that debilitates performance of

modern communications and navigation systems. PIM products interfere with the information sig-

nals and cause their nonlinear distortion. The sources and basic mechanisms of PIM were studied

in literature but PIM remains a serious problem of signal integrity. In this paper, the main sources

and mechanisms of PIM generation by joints of good conductors are discussed. It is shown that the

passive electrical, thermal and mechanical nonlinearities are intrinsically linked despite their dis-

tinctively different time scales. The roughness of the contact surfaces plays an important role in PIM

generation by conductor joints. A review of the PIM phenomenology at contacts of the good con-

ductors suggests that novel multiphysics models are necessary for the analysis and reliable predic-

tion of PIM products generated by several concurrent nonlinearities of diverse physical nature.

Keywords: Passive intermodulation (PIM), nonlinearity, multiphysics effects, electrical contacts,

surface roughness, contact deformation, electro-thermal effects.

1. Introduction

Continuously growing volume and speed of data transmission pose major challenges

to existing and future wireless and satellite communications and navigation systems [1-

7]. The stringent requirements for the integrity of information signals push the limits of

the radio frequency (RF) hardware. Weak nonlinearities of passive devices such as anten-

nas, filters, couplers and multiplexers at the RF front-end of the smart multi-radio base

stations and user terminals generate spurious emission, corrupt information signals and

debilitate the system performance [8-10]. Therefore, mitigation of nonlinear signal distor-

tions is a major requirement to dynamically adjustable RF front-ends, their passive com-

ponents and reconfigurable antennas [11-16].

Constituent materials and their contacts proved to be the main sources of passive

nonlinearities in RF devices [17-19]. The state-of-the-art RF materials normally have low

loss, high thermal conductivity and good mechanical properties. But when exposed to the

high power of RF signals, they exhibit weakly nonlinear behaviour and generate fre-

quency harmonics and passive intermodulation (PIM) products. PIM in passive “linear”

devices is the result of mixing several high-power electromagnetic signals by weak non-

linearities of good conductors, their contacts and surface finish. The detrimental effect of

PIM manifests itself in spurious emission, increased noise and distortion of the original

information signals. PIM products are particularly harmful to radars, wireless and space

communications systems and radio astronomy [5-7, 20, 21].

The PIM phenomenology has been studied for more than 40 years but still remains a

nagging problem. The basic physical mechanisms of nonlinearities and PIM generation

were explored in metal contacts [22-29], printed RF transmission lines [30-36], cable as-

semblies [17, 18, 31, 37-40], and antennas [21, 41-45]. The main sources of passive nonlin-
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earities include Metal-Insulator-Metal (MIM) junctions [22-24, 26-29], electro-thermal pro-

cesses [37, 40, 46, 47], surface roughness [32, 48, 49] and contact mechanical deformations

[49-53]. The advent of micro-electro-mechanical systems (MEMS) has sparked extensive

investigations of the electrical contacts with rough surfaces and their RF performance.

Whilst the mechanical properties of MEMS have been explored in great detail, see [50-53]

and references therein, the existing models were developed for the linear devices operated

with weak RF signals. The effect of the high RF power on the contacts and junctions of

conductors with rough surfaces were studied only in the coaxial connectors [38-40] and

waveguide flanges [54]. But the practical means of mitigating the nonlinear distortions

and PIM in passive RF circuits remain predominantly semi-empirical [10, 55].

The analysis and prediction of PIM effects with the aid of the multiphysics models

proved to be a challenging task. The published PIM studies are normally limited to a sin-

gle dominant mechanism of nonlinearity. However, the stochastic nature of multifarious

sources of weak nonlinearities and their intrinsic links dictates the need for multiphysics

models and novel simulation tools. The diverse physical nature of PIM sources also re-

quires that several concurrent mechanisms of nonlinearity1 to be considered together.

PIM products generated by junctions of conductors with rough surfaces are usually

characterised with the aid of the equivalent electrical circuit models. The lumped element

model, proposed in [54], has been applied to the analysis of PIM in waveguide flanges

where the physical dimensions of surface asperities are much smaller than the wave-

lengths of high-power RF signals. The parameters of this equivalent circuit depend not

only on the electrical properties of the contact materials but also on their thermal and me-

chanical properties and the surface finish. Therefore, the concurrency of multiphysics ef-

fects is an essential feature of PIM in passive RF circuits and devices.

The PIM in coaxial connectors has recently been examined in [56-58] with the help of

an equivalent circuit model from [54]. The relationship between an applied force and a

contact linear resistance is evaluated in [59] using Meyer empirical law. It suggests that the

contact resistance decreases as the square root of applied force when nonlinearity is ap-

proximated by a Taylor series. The simulation and measurement results presented in [59]

are in fair agreement owing to the empirical description of the linear elements and data

fitting for the nonlinear sources.

The main types of contact nonlinearities in the conductor joints and connectors can

be cast in the three broad groups: (i) electrical, (ii) thermal, and (iii) mechanical. Their

sources and interlinks are summarised in Figure 1 and include

- Charge tunnelling and diffusion at MIM junctions of conductor asperities.

- Current constriction at asperities of rough contact surfaces.

- Self-heating and thermal expansion of the contact surfaces and asperities.

- Electro-thermal effect due to ohmic losses in conductors and contacts.

- Asperity deformations of the conductors with rough surfaces and their contacts

subjected to mechanical stresses, expansion and creep.

These nonlinearities exist in conductor joints concurrently and influence each other de-

spite their notably different time scales. The underlying physical mechanisms are intrin-

sically linked as discussed in Sections 2-4 and are influenced by the layouts and profiles

of the contact surfaces. The frequency and phasing of the high-power carrier signals also

have a notable effect on the generated PIM products. For example, the positions of the hot

spots in the antenna beamforming networks vary with the carriers’ phasing. As the result,

the observed pattern of PIM products is affected by a profile of the contact area, its defor-

mations and heat flow. This implies that the locations of the PIM hot spots can change

with the contact pressure that flattens sharp asperities and expands the contact area. This

1 The linearisation techniques used for power amplifiers are not suitable for mitigating PIM in the passive components

of RF front-end and antennas due to absence of the real-time feedback required for signal predistortions.
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entails reduction of the current density at the MIM junctions and the lesser effect of their

nonlinearity.

In this paper, we review the main types of nonlinearities at contact joints of good con-

ductors and the related mechanisms of PIM generation. The effects of electrical nonline-

arity in the conductor contacts are discussed in Section 2. The thermal and electro-thermal

nonlinearities are the subject of Section 3. The effects of surface roughness and mechanical

deformations of the conductor joints on PIM products are considered in Section 4. The

main properties of different mechanisms of nonlinearities, their effect on PIM at contact

joints of conductors with rough surfaces are summarized in Conclusion.

2. Electrical Nonlinearities of Conductor Joints

PIM at contacts of conductors with rough surfaces is a nonlinear multiphysics pro-

cess with several distinct time scales, as illustrated by Figure 1. The fastest nonlinearities

in contacts of good conductors are associated with the electrical effects of charge tunneling

and current constriction at the MIM junctions [17]. The charges are funneled through the

contact spots of rough surfaces as shown in Figure 2a. The current magnitude depends on

the size of a contact spot and thickness of an insulting layer, which are determined by the

applied pressure, local temperature and deformations of the surface asperities as illus-

trated by the links in Figure 1. The high-power carriers are mixed and modulated at the

contact nonlinearities due to variations of the contact size, temperature and resistance [27,

38-40]. The thermal effects and mechanical deformations develop much slower than the

Contact nonlinearities of

conductors with rough surfaces

Mechanical effects Thermal effectsElectrical effects

Electro-

thermal

Thermal

expansion

Tunneling

current

Constriction

current

Asperity

deformations

Contact area

expansion

Self-

heating

Figure 1. Main types of contact nonlinearities of rough conductor surfaces. Links between

different mechanisms of nonlinearities are colour coded in relation to the primary source.

Collided asperities

CcmRcm

Rv1

Rv2

(a) (b)

Figure 2. (a) Sketch of contacts between conductors with rough surfaces. Tips of the collided

asperities are deformed and the constriction current is funneled through the contact areas. Only

the displacement current (broken lines) is shown at the non-contact asperities. (b) Equivalent circuit

of an asperity pair. Rv1 and Rv2 are the resistances of bulk conductors outside asperities. Rcm and Ccm

are the resistance and capacitance of either the collided asperities or a pair of isolated asperities.
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oscillations of the RF carries and the tunneling current. But both fast and slow nonlinear-

ities remain intrinsically coupled to each other despite their different time scales.

Current flow through the contact asperities of rough surfaces can be described by the

equivalent circuit shown in Figure 2b, where Rv1 and Rv2 are the resistances of solid con-

ductors outside of the asperities. The resistance and capacitance of a pair of compressed

or non-touching asperities are represented by Rcm and Ccm. The linear resistance Rcm of the

thin oxide film is very high even in contacts of good conductors. For example, Al2O3 film

of thickness s = 1 nm, area 10 m2 and the macroscopic resistivity Al2O3 = 1·1014 ·cm has

its Maxwell resistance Rcm = 1014 . Such a high value of Rcm is typical for good insulators

and suggests that the charge tunneling must be responsible for the resistance of conductor

junctions with thin insulating films. It is also necessary to note that the capacitive reac-

tance jCcm of the conductor joint can noticeably influence the contact impedance. Indeed,

the reactance of this junction is 1/jCcm = -j89.9  that affects the impedance of the contact

joint. Therefore, the resistance of the electrical contacts of rough conductor and their basic

properties have to be examined in more detail.

2.1. Contact and constriction resistances

Contacts of conductor with rough surfaces contain the MIM and metal-to-metal junc-

tions. Their resistance depends on the number of touching asperities, size of each contact

spot and thickness of an insulating layer in MIM junctions [60]. The mechanical and ther-

mal deformations of individual asperities determine an overall size of the contact area and

its contact resistance. The resistance Rc of a single contact spot with an equivalent radius

a is usually approximated as [61]
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where c is an average electrical resistivity of a pair of contact asperities,  is an electron

free path and f(/a) is an interpolation function describing a contribution of Maxwell re-

sistance RM = c/2a. The approximation of f(/a) was proposed in [61] and has a maximum

error less than 1% at any /a
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The values of f(/a) vary in a relatively narrow range between f(/a)  0.624 at  >> a and

f(/a)  1 at  << a. The second terms in (1) represents Sharvin resistance [62]:
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that is associated with the collision-free motion of charges. It plays an important role when

the size a of a contact spot is smaller than . Then Sharvin resistance RS can exceed Max-

well resistance RM and its contribution to the constriction current becomes significant.

Current constriction by asperities is an inherent feature of the contacts of conductors

with rough surfaces [50, 54, 63]. The constriction resistance is determined by the number

of the compressed asperities, sizes of their contact spots, and thicknesses of the insulating

layer. The constriction current decreases, when the size of the contact spot is larger than

the mean free path of electrons, a > , as evident from (2). Then the charge transport is

predominantly diffusive, and it is determined by Maxwell resistance RM, defined in (1).

In the high-quality conductor contacts, e.g., in MEMS, the constriction current is much

smaller than the conduction current and it is usually combined with the conduction or

tunneling currents [64].

The effective resistance Ru of the whole junction surface containing M asperities can

be averaged and approximated as suggested in [50]
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where M is the number of compressed asperity pairs, and Rcm is defined by (1) and de-

scribes the contact resistance of mth pair of asperities. It was suggested in [50] that Ru could

be evaluated with (1) where a and  are replaced by an effective radius aeff and average

resistivity av. Such an approximation given in (3) proved to be fairly accurate when the

contact area is large at aeff > . Then the contribution of Sharvin resistance is small and

deviations of resistivities cm from their average value av remain small.

The contact resistances Rcm of individual contact pairs and the whole ensemble, Ru, are

the main electrical parameters used for characterising the performance of MEMS switches.

They include the effects of both the electrical properties of the contact surfaces and the

mechanical deformations. The electro-mechanical models of the contacts in the MEMS

switches have been discussed in details in [50-52, 64].

2.2. Nonlinearity of MIM contacts

The tunnelling current in MIM contacts subjected to RF power is the main source of

the fast nonlinearity [22-24]. When a thin insulating film of a few nanometre thick sepa-

rates asperities of rough conductors, the tunnelling current flows through. The timescale

of the tunnelling effects in the conductor junctions allows an efficient interaction of the

high-power RF carriers with free charges. But when the thickness of the insulating layer

exceeds the free path of electrons, charges cannot penetrate the potential barrier and the

tunnelling current rapidly decays. The tunnelling current becomes practically negligible

at the insulator between asperities thicker than 10 nm.

Figure 3 [26]. Current density as a function of applied gap voltage Vg, for two gold (Au)

electrodes (W = 5.1 eV) separated by a vacuum gap (r = 1) of width D = 1 nm, at T = 300 K.

CL curve is for the classical Child-Langmuir law. Jnet, SCM curve is calculated with the self-

consistent model (SCM) described in [26]. Curves “Simmons” and “Simmons (V ~ 0)” are

calculated with Simmons formulas [23] for general Vg and Vg ~ 0, respectively.
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The charge tunnelling between two smooth conductor surfaces was studied first by

Somerfield and Bethe in the cases of the electric bias being either very weak or very strong.

Holm has extended their model to the range of intermediate voltages [22] to characterise

the tunnelling effect at a moderate electric field applied to MIM junction. For this purpose,

Holm introduced an additional corrective term into the transition function, which deter-

mined the likelihood that electrons can pass through a thin insulator layer. However, Sim-

mons showed that Holm’s approximation was valid for the symmetric structure only and

failed in asymmetric case. Simmons has analysed a general case of a potential barrier, as-

suming smooth variations of the barrier height and fairly small changes of its average

value [23]. In the widely accepted Simmons model, the current density J(Vg) in MIM junc-

tion is represented as

    --

0 - gA eVA

g gJ V J e eV e
 
    

(4)
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 ;  is an average height of potential

barrier inside an insulator layer, Vg is the voltage between the contact conductors, e is the

electron charge, h is the Plank constant,  is the correction factor used in the approxima-

tion, m is the electron mass, and s is an effective thickness of insulator film which is usu-

ally smaller than the actual thickness. The value of the parameter  is close to 1, and at

insulator thicknesses s ~ 4 - 5 nm, the error of the approximation  = 1 is less than a few

percent [23].

Accuracy of Simmons model (4) of MIM junction was recently examined for thin

insulator films in [26-29]. The simulated characteristics of J(Vg) in the MIM junction are

shown in Figure 3 for the insulating film of thickness 1 nm. Comparison of Simmons

model [23] with the self-consistent model (SCM) [26] demonstrates their good correlation.

Simmons model also proved to be fairly accurate when the insulator thicknesses vary be-

tween 1 nm and 10 nm. It was also found that the equivalent resistivity Vg/J inferred from

(4) is slightly overestimated at sub-nanoscale s and underestimated at s > 5-7 nm. Un-

certainty of Simmons model in these cases increases to a few percent.

The effect of current crowding at the conductor edges and the nonuniform current

distribution at the metal plates of partially overlapped parallel MIM contacts were mod-

elled in [27-29]. The nonlinear tunnelling resistivity of MIM junction, defined as the ratio

of voltage to current density, was evaluated in dependence of several parameters such as

contact length, permittivity and thickness of an insulating layer, and the sheet resistance.

It was observed that at the sub-nanometre insulator thicknesses 0.5 nm and 0.65 nm, the

contact resistivity reduced and remained nearly linear at low applied voltages (v < 0.3 V).

At voltages in the range ~0.4 V – 5 V, the slope of resistivity-voltage curves rapidly

changes similar to Figure 3 and exhibits the essentially nonlinear behaviour of MIM junc-

tion. Thus, the MIM nonlinearity evidently represents a source of PIM that has not been

considered in the literature, yet. The effects of conductor surface roughness, thickness and

conductivity of the insulating layer on the MIM junction resistance are still debated in the

literature.

2.3. The Effect of Surface Roughness

Surface roughness significantly affects the performance of electrical contacts in high

frequency applications [49-52, 54]. Asperity random heights and patterns of the contact

surfaces are never the same, even when the materials and fabrication process used are

identical. Therefore, the statistical models have been used for simulating the contacts of

rough surfaces. These techniques were applied to the characterisation of losses in printed

circuit boards [48]. Surface roughness also proved to be an important factor influencing

the performance of MEMS devices, and the contact phenomena in MEMS with rough con-

ductors have been extensively studied in [50-53, 60, 63, 64].
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Gaussian distribution of contact asperity heights with the standard deviation up to

20% from an average value was examined in [65], taking into account the effect of an in-

sulator thickness on the contact resistance of rough surfaces. Using Brinkman-Dynes-

Rowell model [66], it has been shown that a single thickness model reasonably estimates

the surface conductance when the standard deviation of asperity heights remains within

5% of the average value, see Figure 4. However, as roughness increases, an average thick-

ness of the insulator layer becomes smaller than its actual value used earlier for approxi-

mating the surface conductance. Also, at a larger standard deviation of thickness, a mean

thickness decreases that makes a single-thickness approximation less accurate. Roughness

also “flattens” the conductance as if the barrier were thinner. This effect is illustrated by

the conductance curves for ideal single-thickness barriers (i.e., � ≡ 0) presented for com-

parison (solid lines) in Figure 4 [65].

To relate a mean thickness to its actual value, inferred from the conductance

measurements, the rules of thumb were suggested in [55]. However, accuracy and

uniqueness of such fitting the normalized conductance values in a range of asperity

heights remain a major problem as it was earlier pointed out in [67].

2.4. Thermionic emission

Thermionic emission is the process of electron discharge from the free metal surface.

In good conductors, it is observed at very high temperatures, above 1000°C [68], when hot

electrons can gain enough energy to break their bonding and escape from the conductor

surface.

Figure 4. Bias dependence of normalized tunneling conductance, calculated for the barrier

mean thickness ŝ = 15Å, barrier height ϕ = 1.0 eV, and roughness σ varying in the range of

5%–20% of ŝ in steps of 2.5% (blue points), and single-thickness (σ≡0) conductance for 2–15Å

in 1Å steps (solid green lines). Reproduced from [65] with the permission of AIP Publishing.
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At operational temperatures of electronic devices, the thermionic emission current in

joints of good conductors is negligible in comparison with the tunnelling current. It also

decreases exponentially with the thickness of the insulating layer and becomes practically

undetectable as the insulator layer is thicker than 5 nm. Thus, the thermionic emission

current can be neglected in contacts of good conductors when the tunnelling current in

MIM junctions exhibits the nonlinear behaviour as discussed in Section 2.2.

3. Thermal Nonlinearities at Contacts of Good Conductors

Thermal effects at conductor joints are associated with the main processes listed in

Figure 1: (i) self-heating due to RF power dissipation in imperfect conductors, (ii) electro-

thermal coupling in contact joints, and (iii) thermal expansion of the contact areas. They

are linked intrinsically and influence other types of nonlinearities despite significant dif-

ferences in the time scales of the underlying physical processes. Ambient temperature also

has a notable impact on the effect of thermal nonlinearities [69]. The main properties and

distinctive features of the thermal effects at contacts of conductors with rough surfaces

are discussed below.

3.1. Self-heating effect and nonlinearity of contact resistivity

Heat generation is an inherent feature of electromagnetic (EM) wave interactions

with conductors and their contact joints. This multiphysics process couples the electric

and thermal domains as illustrated by Figure 5. Namely, the dissipative losses of high-

power RF signals generate heat which, in turn, changes the resistance of conductors and

causes their thermal expansion and mechanical deformations. These nonlinear processes

are interlinked but the time scales of the thermal and mechanical processes notably differ.

High-power RF signals are attenuated by imperfect conductors due to their resistive

losses. The dissipated power causes the conductor self-heating, and the changes of local

temperature at point x alter a conductor resistivity c(x). In a broad range of temperatures,

c(x) is well approximated by the linear temperature dependence

   0 1c T       x x (5)

where 0 is an average resistivity of the conductors at ambient temperature,  is the tem-

perature coefficient of resistivity and T(x) is the local temperature increment due to RF

heating of the contact

     th,eq,n n
n

T q R    x x (6)

In (6), q(n, x) is the heat generated by the high-power carrier of frequency n with cur-

rent density Jc(n, x) in an imperfect conductor [49]. Then

      
2

1
c c2

, Re , ,n n nq Z J S    x x x (7)

Ccm
Rcm

Rv1

Rv2

(jCth)
1/2

Rth

Thermal

node

Electric

contact

Heat sink

Figure 5. Compact model of a pair of the compressed asperities where the contact resistance

Rcm is coupled to a thermal node with the thermal resistance Rth and thermal capacitance Cth.
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where Zc(n, x) is a local impedance at carrier frequency n, and S is a differential area of

the contact spot. An equivalent thermal resistance Rth,eq(n) can be defined as [37]

  th
th,eq

th th

Re
1

n

n

R
R

R j C




  
  

  

(8)

where Rth and Cth are the thermal resistance and thermal capacitance, respectively. They

form a thermal node shown in Figure 5.

Simultaneous solution of (5)-(7) gives an approximation of the local resistivity

     2
c 0 T1 O        x x (9)

where             
2

1
T th,eq th,eq c0 c2

, Re ,n n n n n
n n

S R q S R Z J               x x x (10)

is the resistivity increment proportional to the heat generated by the contact resistances

Re{Zc0(n)} at ambient temperature. Thus, (9), (10) show that the contact resistivity c(x) de-

pends on the squared current density magnitudes |Jc(n,x)2| of individual carriers and has

the nonlinearity of Kerr type. An important feature of (9) is that c(x) represents a local

nonlinear resistivity, which may vary across the contact area due to inhomogeneity of the

local thickness of the insulator in the MIM junction.

3.2. Electro-thermal effect in contact joints and PIM generation

Electro-thermal PIM (ET-PIM) is caused by self-heating due to conductor and dielec-

tric losses [37]. ET-PIM has a distinct signature of the nonlinear coupling of electrical and

thermal domains as illustrated by Figure 5. The basic mechanism of this nonlinearity is

the thermal modulation of resistivity. In essence, the heat due to RF losses alters the re-

sistance, which is heated by the high-power carriers, and this results in generation of PIM

products. The effects of ET-PIM have been studied in the termination resistors [37, 47],

printed TLs [36, 70] and thin-film coplanar waveguides with spatially inhomogeneous

current distributions [35]. The developed theory of the ET-PIM and supporting experi-

ments [36, 37, 70] have revealed that the baseband resistivity of conductors is modulated

by the heat oscillations. The effect of resistivity variation on the skin depth due to modu-

lation of the RF carriers was analyzed in [42, 43]. It enables both the development of the

qualitative analytical model, which sheds the light on the principal mechanisms of ET-

PIM generation, and an accurate assessment of signal distortion by ET-PIM in the full-

wave EM simulations [33-36, 70].

Evaluation of the dissipative losses and the rate of self-heating are the critical steps

in the ET-PIM analysis. While the skin effect is routinely modelled in the EM simulators

when calculating losses of imperfect conductors, surface roughness is often ignored de-

spite its proven major impact on the performance of printed circuit boards [48, 49] and

MEMS switches [50-52]. The conductors with rougher surfaces exhibit not only higher RF

losses and worth thermal performance but also generate a higher level of PIM [32].

The ET-PIM phenomenon was described first in [37] where a thermal modulation of

the load resistance by two high-power RF signals was examined. A load with the size

much smaller than the carrier wavelength has the resistance proportional to its tempera-

ture dependent resistivity L(T) where T is the temperature increment. Since L(T) has

the same temperature dependence as c(x) in (5), its modulation by the high-power carri-

ers is described by (9). This basic model, shown in Figure 5, directly relates an instanta-

neous power of the electrical current in the load with resistance Rcm to the heat flow at a

thermal node with the thermal resistance Rth and thermal capacitance Cth. Such a thermal

system acts as a low pass filter as the thermal response of the resistive load is much slower

than variations of the high-power RF signals of frequencies 1 and 2. However, when the

frequency of thermal oscillations is comparable with an intermediate frequency
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 = |2 – 1| generated by the electro-thermal nonlinearity, the resulting temperature

oscillations modulate the load resistance. Then the PIM products fall in the operational

frequency band [35-37, 42, 46, 47] as illustrated by Figure 6. When the difference of the

carrier frequencies exceeds several MHz, the thermal oscillations become too slow to fol-

low the frequency  and the magnitude of the ET-PIM products decreases [36, 37, 70].

The distinctive feature of the ET-PIM is that the power slope of the PIM products

versus a difference of carrier frequencies is only 10 dB per frequency decade [37]. Such a

rate of the ET-PIM decay with the carrier frequency offset implies that ET-PIM products

may have significantly stronger impact on the signal distortion in the broadband commu-

nications systems with a dense spectrum of the closely spaced high-power carriers.

The ET-PIM in contact joints is strongly affected by the surface roughness as the as-

perity height and size of a contact spot determine its resistance and reactance. The current

constriction and contact heating at rough surfaces increase the spot temperature and as-

perity resistivity. The ET-PIM generated by joints of rough surfaces is related to their ef-

fective contact resistance Ru defined in (3) and depends on the effective size aeff of a contact

area and an averaged contact resistivity av that increases with temperature as defined by

(5). This results in the higher ET-PIM level at rougher surfaces that was observed in the

printed circuits and conductor joints [32, 49, 64].

3.3. Thermal expansion of the contact area

The heat, generated by the high RF power, is dissipated in conductors and their joints

and causes the thermal expansion and deformation of contact surfaces. As the result, the

contact areas and the conductor resistivity c(x) increase with temperature. The contact

resistance Rcm of asperities also grows with temperature, whilst the pace of its growth de-

pends on the relation between the temperature coefficient of resistivity , the rate of the

Figure 6. Analytic model prediction of 3rd order PIM products (solid lines) as compared with

the measured IM3 products (triangles) for platinum at input power 12, 20, and 23 dBm versus

carrier tone separation f = /2. © 2008 IEEE. Reprinted with permission from [37].
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thermal expansion of the contact areas and asperity deformations as illustrated by Figure

1. An increase of the contact area is linked to the rate of heat flow from the contact spots

but it progresses much slower. Therefore, the pace of establishing the thermal equilibrium

is dictated by the lower speed of the asperity deformations.

The thermal effects at joints of conductors with rough surfaces are amplified by the

current constriction by the contact spots. For example, as the temperature of an asperity

increases due to current constriction, the thermal expansion of the compressed asperities

somewhat reduces the constriction current density. But the growing contact pressure

normally exceeds the yield stress of the heated asperities. As the result, they become

susceptible to creep when subjected to compressive strain [71]. The effect of the contact

pressure and the asperity deformations are dictated by the mechanical properties of the

contact surfaces which are discussed next.

4. Mechanical Nonlinearities at Conductor Contacts

Mechanical deformations of electric contacts and conductor joints in connectors,

MEMS switches, micro and nano electronic circuits have been extensively studied in the

literature, see e.g., [49-53, 60, 64, 71] and references therein. The performance and longev-

ity of contacts in RF devices proved to be affected by conductor surface roughness and

stiffness. The high-frequency applications of MEMS have inspired the detailed studies of

the effects of micro deformations on the contact resistivity, losses and reliability of con-

ductor joints. The first models taking into account roughness of the conductor surfaces in

microcontacts had been developed in [60, 64] and later refined in [50-53].

The contact resistance Rc of asperities, defined in (1), is proportional to the electrical

resistivity c and depends on size a of a contact spot. In a broad range of the contact pres-

sure variation, c of good conductors remains practically constant whereas the linear and

nonlinear deformations of the contact spots become the dominant factors. It has also been

observed in [64] that these deformations are weakly affected by thickness t and permittiv-

ity K of an insulating layer, as illustrated by Figure 7, if its energy level remains above the

Fermi levels of the conductive surfaces. The asperity deformations and contact area ex-

pansion are also closely connected to the electrical and thermal effects discussed earlier

and demonstrated by Figure 1.

4.1. Effect of asperity deformations on conductor resistivity

Contact resistances of rough surfaces calculated with the aid of (1) or (3) take into

account the effects of an external pressure and deformations of the compressed asperities

[50-54, 64, 71]. The factors affecting expansion of the contact areas and asperity compres-

sion include the mechanical stresses, elasticity and surface finish. At low pressure, the

colliding asperities experience elastic deformations and their contact areas enlarge. When

contact pressure increases, the compressed asperities experience plastic deformations and

their contact regions are hardened. This results in slowing down the expansion of the con-

tact spots and the change of the contact resistivity c(x) [50, 60, 64]. Thus, the combined

effect of the contact area enlargement and asperity hardening is governed by the relations

between the contact pressure and contact resistance, cf. Figure 1. The nonlinear effects of

strain hardening and softening on the resistivity (x) of a contact spot is accounted in [72]

    1 1 exp

q

p

c

ref

Q

kT


 



    
            

x x (11)

where c(x) is the temperature dependent resistivity of a contact, defined in (5), p is plas-

tic strain, ref is a reference strain, q is a material dependent parameter, Q is the activation

energy for the mechanism of relaxing the stored dislocations, T is the absolute tempera-

ture and Boltzmann constant k = 1.38 × 10−23 J/K.   
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In addition to altering the contact resistance, heat softens contact asperities [50-53]

and increases their plastic and creep deformations. Very slow creep deformations have

been examined in micro-contacts with a low current in [50], where the strain-rate  is

described by a power law dependence on the stress σ as

expp cQ
A

kT
 

 
  

 
 (12)

where A is a parameter defined by the material properties and the creep mechanism,  is

the stress, Qc is the activation energy for creep. The stress exponent p used in (12) usually

varies between 3 and 10, depending on the material composition.

When contuct joints are exposed to the high RF power, the contact area of asperities

increases further due to its thermal expansion. But the conductor resistivity c(x) also

grows due to Joule heat as discussed in Section 3. These two effects counteract each other

as the rise of contact temperature increases both c(x) and the dissipative losses, whilst

enlargement of the contact area reduces the resistance and a current density. Joule heat,

generated by the current flowing through contact asperities, increases the temperature T

of the contact spots. The temperature dependence on the contact voltage Vc was examined

in [73, 74] for conductor joints with the characteristic size a of the contact spot considerably

larger than the electron mean free path . Since the boundary scattering has a minor effect

on the self-heating of the contact spots in this case, the contact temperature is evaluated

with the asperity heating model [50]

Figure 7. Dimensionless contact area A* vs dimensionless electrical contact resistance R* for

contacting rough surfaces with different mechanical properties and fractal parameters (K = 6,

t = 10 Å, 0 = 2 eV, and I = 5 mA). Reproduced from [64] with the permission of AIP Publishing.
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where T0 is ambient temperature,  is the scaling parameter of the asperity distribution,

L = 2.45·10-8 W·/K2 is Lorentz number, Vc is the contact voltage,  
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and f(x) is defined in (2). It is interesting to note in (13) that T depends on (x) only im-

plicitly, through contact voltage Vc.

The slow deformations of contact asperities in conductor joints also affect the tem-

perature dependent resistivity (x) which is related to the material stress and strain. Var-

iations of (x) due to the contact deformations are much slower than the charge tunnelling

and thermal effects. Therefore, the mechanical effects in the RF contacts can be considered

in the quasi-static approximation that significantly simplifies the multiphysics analysis of

the complex conductor joints.

4.2. Contact area expansion

Pressure, applied to the contacts of conductors with rough surfaces, causes asperity

deformations. The compressed asperities expand laterally, and their contact areas increase

with the applied pressure and mechanical stress, depending on the material stiffness and

surface coatings. When exposed to the RF power, the contact spots are heated due to con-

ductor losses and the compressed asperities spread gradually to reduce their strain. The

thermal expansion and softening of the contact spots also cause plastic deformations and

creep of the colliding asperities. These effects were examined in [71] for RF MEMS with

frustoconical contact asperities. At a small radius r1 of the undeformed frustum tip, con-

tact radius rc(t) of the compressed asperity varies with time t and is approximated as [71]

 
 1 1 2

1
1 exp

tan
c

c

QLC F
r t r t

kT






  

   
      

     
(14)

where L is asperity initial height, C is a constant dependent on the contact material and

creep mechanism,  is a slant angle of the asperity frustum, F is contact load, Qc is the

activation energy for creep,  = 1/(1+2p), and p is the stress exponent defined in (12). The

value of  is specifically related to the creep coefficient, and it is fitted to the experimental

data. Values of  are usually small, and  < 0.1 in the example presented in [71].

Maxwell contact resistance RM of conical frustums with the time-dependent ra-

dius rc(t) and resistivity c of the contact spot can be calculated with (1). The simulated

and measured time-dependent resistances RM(t) are shown in Figure 8. Approximated by

(1) with constant c and the time variable contact size rc(t) defined in (14), RM(t) fits the

measurement results very well when the switch is closed the first time. When the contacts

are closed second and third times (middle and top plots), the measured resistances RM(t)

are flatter than the calculated ones at the first t = 4 s and t = 9 s, respectively. But RM(t)

are well correlated with the simulations later on. It is also necessary to note that Sharvin

resistance showed no visible effect on the contact resistance and its time variations here.

This is a manifestation of the incommensurate time scales of the effects of the charge tun-

neling and the mechanical deformation in the contacts of conductor with rough surfaces.

The dynamics of MEMS contacts was alternatively examined in [51, 52] where the

contact area was evaluated in the frequency domain. This approach required less compu-

tational resources but its accuracy was lower, and it did not allow the analysis of the tem-

poral variations of the contact area and its resistance. These works were applicable to the

very slow contact deformations that allowed calculations of the size of the expanded con-

tact area, which determined the contact resistance only.
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5. Conclusions

The main mechanisms of dissipative losses and sources of passive nonlinearities in

contacts and joints of conductors with rough surfaces are reviewed. The discussed physi-

cal mechanisms are cast in the three main groups of (i) electrical, (ii) thermal, and (iii)

mechanical effects. It is shown that all these mechanisms are intrinsically linked but their

time scales differ significantly. Namely, the electromagnetic interactions at MIM junctions

are very fast and can follow the pace of the RF signals. The thermal processes are much

slower being limited by the speed of heat flow in the conductor contacts. And the mechan-

ical deformations develop even slower. It is emphasised that roughness of the contact sur-

faces considerably affects losses and nonlinearity in contact joints, especially at RF fre-

quencies. The main sources of the passive nonlinearities at the contacts of rough surfaces

have been discussed in the context of their effect on the RF performance of the joints of

good conductors.

An important outcome of this study is a demonstration that types of the electrical,

thermal and mechanical contact nonlinearities are very different in spite of being linked

intrinsically. Namely, the MIM nonlinearity is of the exponential type, whereas the elec-

tro-thermal nonlinearity is of Kerr type. The nonlinearities of mechanical deformations

are of the mixed type described by the combination of the exponential and algebraic de-

pendencies. This implies that the analysis of PIM in contact joints of good conductors re-

quires the multiphysics models taking into account multiple sources of nonlinearities.
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