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The performance and reliability issues associated with microelectromechanical 

system (MEMS) electrical contact devices have precluded the widespread adoption of 

MEMS devices employing electrical contacts. Composite electrical contact materials, 

gold-alumina, gold-titanium nitride, and gold-nickel, were developed to address the 

issues that plague MEMS electrical contacts by reducing the amount of interfacial 

adhesion while maintaining acceptable levels of electrical conductivity. The composite 

materials were experimentally investigated and compared to numerical simulations which 

predicated how the novel materials would perform. Experimental and numerical 

simulation results found that composite electrical contact materials could enhance the 

performance of low-force electrical contacts if the ratio of high-conductivity to low-

conductivity phases of the composite remained larger than a critical ratio, referred to as 

the percolation threshold.
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CHAPTER 1 
INTRODUCTION 

Microelectromechanical Systems, or MEMS, are microscopic structures that 

combine mechanical and electronic elements into complex small machinery. Figure 1-1 

shows an example of a MEMS device fabricated at Sandia National Laboratories. These 

devices, often the size of a grain of sand, act as links between digital electronics and the 

physical world. The device pictured in Fig. 1-1 is a good illustration of the combination 

of mechanical elements (the gears) and electrical elements (the electrostatic drive 

actuators), into a functional system. 

 

Figure 1-1. Example of a MEMS device. The drive actuators rotate the gears of the gear 
train which pushes a rack and causes a hinged mirror to rise and redirect an 
incident laser beam [www.mems.sandia.gov] 

MEMS technology has been demonstrated in research and development facilities 

for about 25 years, but has been in production for almost 20 years as accelerometers in 
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the automotive sector, one of the most widely used applications for MEMS devices 

today. Current MEMS products span a wide range of applications including 

environmental sensors, micro-switches, and medical devices. From a tribological 

standpoint, the degree of surface interaction in a MEMS device relates to how successful 

the device will be at attaining widespread adoption in the world outside of the laboratory. 

Figure 1-2 shows a taxonomy chart illustrating the increasing degrees of tribological 

complexity inherent in a MEMS device [1].  

 

Figure 1-2. Taxonomy chart of MEMS devices grouped by tribological complexity [1] 

The most widespread use of MEMS technology has occurred in the automotive 

sensor field. The reason for this successful deployment lies in the nature of the MEMS 

structures used for automotive accelerometers, and gyroscopes are fabricated as planar, 

monolithic structures with no interacting surfaces, typified by Class I device in Fig 1-2. 

Since no surfaces of the devices touch, the operational lifetime of these devices is not 
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affected by problems originating from tribological effects, such as friction or wear, but 

solely by the material properties of the MEMS device. 

As the tribological complexity of MEMS devices increases, the amount of attention 

paid to the interaction of the device interfaces becomes more important. To date, only a 

few Class III devices have been successfully deployed outside the laboratory. The most 

well-known example of a successful Class III device is the device at the heart of Digital 

Light Processing (DLP) television displays, the Texas Instruments Digital Micro-mirror 

Device (DMD). The tribological sources of failure in the DMD, friction, wear, and 

adhesion, were all eventually overcome after a large expenditure of research capital. In 

all of the examples of successful commercial adoption of MEMS technologies the ability 

to mass-produce devices with well-controlled physical properties, repeatable 

performance, and long lifetimes has been critical. 

Of all of the potential applications where Class III and IV MEMS devices could, 

but as of yet have not, made an impact, electrical switching and relaying is an area of 

intense development. The goal of MEMS switches and relays is to replace legacy 

electronic switching components with smaller, more efficient micro-system components. 

However, applications where electrical energy must be diverted, interrupted, or otherwise 

modified represent a challenging operational environment for any device to operate 

effectively for a long period of time. As it stands, MEMS devices with dynamically 

operating electrical contacts have had limited success in supplanting larger switches for 

use in commercial or defense applications due to performance and reliability limitations.  

Figure 1-3 shows the frequency spectrum in which MEMS switches operate. The 

main difference between switch types in Fig. 1-3 is the contact material used to affect the 
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system electrical signal. Metal-metal contact devices are used as series-switch devices, 

while non-metallic capacitive materials are used in capacitive-coupled shunt-switches. 

Metal-metal contact switches possess contact interfaces that carry electrical current, 

whereas capacitive-coupled switches only change the capacitance of the transmission line 

the signal is carried on and do not directly carry current.  

 

Figure 1-3. Illustration of the operational frequency range of MEMS switches 

An example of a metal-metal series switch is shown in Fig. 1-4. When the movable 

middle switch-plate with electrical contacts is brought down into contact with the signal 

lines, a continuous conductive metal path is made between the two signal lines via the 

contact pads. This enables the electrical signal to flow through the switch. The signal is 

blocked when the middle plate is raised. 

Figure 1-5 shows a simplified schematic of how the metal contact interface of an 

metal-metal contact MEMS device is used to modulate electrical signal. In the up-state, a 

small gap of approximately 1~2 μm exists between the movable device surface and the 

signal transmission line. When the device is actuated, either by electrostatic or thermal 
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actuators or by environmental acceleration, the movable surface is forced into the signal 

line and electrical signal current is carried through the contact interface.  

  

Figure 1-4. Rockwell RSC MEMS metal-metal switch [www.rockwell.com] 

 

Figure 1-5. Metal contact interface of a series-switch in the up and down device state. 
The contact interface is responsible for electrical current signal transmission 
and is the source of premature device failures 
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The advantage of metal-metal contact devices over capacitive-coupled devices is 

that the insertion loss, the decrease in transmitted signal power, associated with low-

frequency operation is much smaller for metal-metal contacts versus capacitive contacts. 

Due to the reduced losses incurred during low-frequency operation, metal-metal contact 

series-switch devices allow a higher-bandwidth operational envelope than capacitive-

coupled devices. The “broadband” capabilities of metal-metal MEMS switches is 

however offset by the tribological problems associated with metal contact interfaces. 

The electrical contact interface formed between the moving metal surface and the 

stationary metal surface shown in Fig. 1-5 primarily determines how the MEMS switch 

performs. Almost all of the mechanisms that affect performance and cause device 

operational failure originate at the metallic contact interface.  Segregating the failure 

mechanisms into distinct categories, two predominant failure modes arise which cause 

MEMS electrical contact devices to fail prematurely: unacceptably high electrical contact 

resistance and excessively high metallic adhesion. 

The first common failure mode of a MEMS electrical contact device is that the 

electrical resistance of the contact interface exceeds an acceptable resistance threshold. 

This is caused by a non-conductive material being formed or migrating into the region of 

contact and inhibiting electrical current flow. These foreign surface species may be native 

oxides, in the case of copper or silver contacts, or adsorbed contaminants, such as 

carbonaceous films, that originate from the ambient atmosphere or other sources of 

contamination. The solution to this failure mechanism is to keep the electrical contact 

interface and surrounding environment as clean as possible, ensuring that the any 

contaminants are separated from the contact interface for as long as possible. This also 
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includes choosing contact materials which will remain stable and not decompose or 

oxidize during storage and operational lifetime. 

The second common failure mode occurs when the metallic contact surfaces adhere 

so strongly that the surface cannot be separated and the MEMS device becomes 

permanently closed in the down-state, disallowing further operational cycles. If the real 

contact area in the electrical contact interface becomes large enough, the adhesive surface 

forces may overwhelm the device’s ability to separate the contact. Electrical contact 

materials form very strong metallic bonds and a large metallic contact area can 

precipitate excess adhesion in the device. The elastic restoring force of the device is most 

often the only means of separating the contact interface surfaces. The generally compliant 

nature of MEMS device structures means that adhesive forces must be minimized for 

extended device operation. Excessively high contact interface adhesion can also occur 

from thermally-induced contact welding, but most incidents of contact sticking originate 

from the metallic-bond adhesive forces existing between the MEMS electrode surfaces.  

The solutions to improving the performance of  MEMS electrical contacts lie in the 

three device design parameters which can be altered: applied normal load, contact 

geometry, and contact material selection. The applied normal load range available from 

MEMS actuators, typically of electrostatic, thermal, or magnetic origin, are limited on 

average to only a few hundred micro-Newtons. Mechanical disruption of oxide layers and 

tenacious surface contaminants can require larger force than this, removing the capability 

of the MEMS actuator to produce a conductive surface contact. The contact geometry of 

MEMS contacts is frequently limited to planar contacts due to the fabrication methods 

used to created the devices. While intentional contact surfaces are achievable through the 
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patterning of contact dimples, even these are planar contacts dominated by the surface 

roughness of the contact material.  

From the electrical and adhesion standpoint, contact material selection remains as 

the best and most diverse method of addressing the predominant failure modes that occur 

in MEMS electrical contact devices. The materials that compose the electrical contact 

interface of MEMS devices are usually chosen from a set of specific materials, most 

often noble metals, because of their beneficial material properties like electrical and 

thermal conductivity, and resistance to formation of surface films. MEMS electrical 

contact materials can be deposited separately from the structural MEMS device material, 

affording the choice of what and how much material is used in the contact layer. This 

amount of control over the composition of the contact material is an advantage that 

MEMS electrical contact devices has over macro-scale electrical contacts. From a 

problem-solving standpoint, devising a contact material which is simultaneously 

conductive and non-adhesive and able to be integrated into the MEMS fabrication 

process, appears as the most promising solution to addressing MEMS electrical contact 

failures. This document describes an approach to model the characteristics of deposited 

electrical contact materials for use in MEMS electrical contacts that addresses both the 

goals of high conductivity and low adhesion, and efforts to fabricate and evaluate such 

materials in low-force electrical contacts.  
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CHAPTER 2 
BACKGROUND 

MEMS Electrical Contacts 

There have been many previous investigations of electrical contacts at low applied 

contact forces, with researchers employing various experimental techniques to study the 

behaviors and phenomenon associated with electrical contacts at force levels under 1 N 

[2-19]. Some of these studies are directly relatable to MEMS device contacts as they deal 

with the same materials, precious metals like gold and platinum, and applied force levels, 

under a milli-Newton, seen in microscale components. Figure 2-1 summarizes the results 

for previously conducted contact resistance studies at force levels below 1 N for varied 

contact materials.  

The notable trend in Fig. 2-1 is that across a sampling of independent investigations 

of low-force electrical contacts, the measured resistance increases substantially as the 

contact load decreases. Figure 2-1 is easily constructed since most studies cite normal 

force applied. A figure depicting the dependence of contact resistance on apparent 

contact pressure is more challenging to obtain since the exact experimental contact 

geometry is often not as clearly stated in the literature. Figure 2-2 shows a contact 

resistance vs. applied force plot for experimental MEMS electrical contact devices [20-

30].  

The applied force range shown in Fig. 2-2  is limited by the maximum amount of 

force applied by devices (~ 10 mN) and on the low end the minimum force required to 
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attain stable resistance (~ 100 μN). The narrow operational force window for MEMS 

electrical contact devices creates a challenge to obtain low resistance for low contact 

force and still enable device release under the available restoring force.  

 

Figure 2-1. Previous low-force electrical contact resistance studies 

MEMS electrical contact devices possess performance and reliability limitations 

stemming from the low operational contact force, and this directly impacts their 

widespread acceptance for use as replacements for established commercial components. 

The performance and reliability, and inherently the success of switches and relays, 

depends critically on the behavioral constancy of the electrical contact interface which is 

the critical aspect of the switch. 

Unfortunately, the susceptibility of an electrical contact interface to become 

degraded increases as the size of the contact decreases. This is due to the fact that surface 

effects become more pronounced at smaller length-scales, as the ratio of surface area to 

volume increases with microsystem devices. For MEMS electrical contacts, where 
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interactions occur between only a small number of surface contacts, obtaining a stable, 

clean interface between two surfaces over many repetitive operational cycles requires an 

understanding the fundamental concepts affecting the electrical resistance of MEMS 

device contacts. 

 

Figure 2-2. Experimental MEMS devices with electrical contacts 

Fundamental Concepts 

Contact Area 

The current-carrying area of a contact interface is an important parameter affecting 

MEMS electrical contact performance. The bulk geometries of MEMS electrical contact 

interfaces resemble planar contacts, stemming from the device fabrication processes. 

Planar contacts emphasize the effects of surface roughness and distribution of surface 

asperities in determining the contact area, which in chemically micro-machined devices is 

produced in a narrow range of variability. Figure 2-3 shows an example of a MEMS 
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electrical contact surface [12]. The scanning-electron micrograph (SEM) in Fig. 2-3 

shows the characteristic roughness of a MEMS device contact dimple. MEMS electrical 

contacts are typically fabricated by coating the structural silicon substrate material with a 

conductive metal, most often gold, that serves as the current carrying material. Electrical 

contacts deposited by sputtering or evaporation retain the roughness of the silicon 

substrate metal, while contacts deposited by electroplating have surface roughness 

determined by the plating process employed. 

 

Figure 2-3. Example of MEMS electrical contact surface [12] 

A closer view of the characteristic roughness of a gold MEMS electrical contact 

surface is shown in Fig. 2-4. Instead of SEM imagery, atomic force microscopy (AFM) 

was used to obtain the surface topographic data for the gold contact surface. The 

characteristic roughness of the deposited gold material is visible in detail. The rough 

surface topography is responsible for the resulting interfacial contact area when two 

device surfaces are pressed together. The measured average and root-mean-squared 

roughness for the surface shown in Fig. 2-4 are 1.37 nm and 1.71 nm, respectively. While 

the surface shown in Fig. 2-4 looks very rough, there is almost a 700:1 ratio between the 
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lateral scale and the measured roughness of the surface, and it is in fact a very smooth 

contact surface. 

An important distinction exists between the apparent, mechanical, and electrical 

contact areas for a MEMS device interface. Figure 2-5 shows the differences between the 

different types of contact area. The apparent area of contact is the total amount of area 

where probable contact exists for a device. The real area of mechanical contact is the 

actual amount of the apparent area where mechanical load is reacted between the 

interacting surfaces. The electrical, or metallic, contact area depends on the surface 

contamination state of the areas in mechanical contact. 

 

Figure 2-4. Atomic force microscopic image of the surface roughness of a deposited gold 
contact surface 

If the mechanical area of contact is clean, with no other species other than the 

electrode material in the interface, then the electrical contact area is the same as the 

mechanical contact area. Otherwise, if a native oxide layer or alien surface contaminant is 
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present in the contact interface, the amount of electrical contact area that conducts current 

in a metallic fashion is less than that of the mechanical contact area. If the non-metallic 

material covers the entire mechanical contact area, the electrical contact resistance for 

that area increases, often to the severe detriment of device operation. It is possible for 

very thin contaminant layers, on the order of several nanometers thick, that cover the 

entire area of contact to conduct current via quantum tunneling [31]. The effects of 

tunneling current is usually neglected however due to the significant conduction 

difference present between metallically-conducting contacts and contacts covered with 

very thin films.  

 

Figure 2-5. The difference between mechanical and metallic contact area 

The amount of mechanical contact that exists between two electrode surfaces must 

be determined before the effects of surface contaminants can be factored in to how 
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electrical surfaces perform. A survey of previously developed rough surface contact 

models shows a multitude of approaches that attempt to resolve the mechanical contact 

area. The earliest calculation of the mechanical area formed from two interacting bodies 

was developed by Hertz (32). The well-known “Hertzian” contact model assumed that 

the area formed by two spherical bodies in contact was dependent on the material elastic 

properties, geometry of the contact bodies, and the force pressing the bodies together. 

The expression for the contact radius of the circular contact area is shown in Eq. (2.1), 

where the combined radius and elastic modulus are ( )1 2 1 2' /R R R R R= + and 

( ) ( )( ) 12 2
1 1 2 2' 1 / 1 /E v E v E

−
= − + − , respectively. 
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 (2.1) 

A different contact modeling approach assumed that the local stresses at the 

asperity level, instead of elastic, always exceeded the elastic limit of the material and 

plastically deform. This assumption implied that real contact area was only related to the 

applied load and the material indentation hardness and independent of geometry [33]. 

This approach also ignored any effects surface roughness contributed to the contact area 

calculation. Equation (2.2) shows the expression for contact area assuming only plastic 

deformation of the surfaces. 

 n
c

FA
H

=  (2.2) 

Later modeling incorporated the effects of surface roughness on contact area 

calculation. Greenwood and Williamson (GW) proposed a statistically-based asperity 

contact model based on the separation of a deformable rough surface and an ideally 

smooth, rigid plane [34]. From the relative interference between the rigid plane and the 
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rough surface, it was possible to compute resultant contact area and load supported by 

knowing the height-wise distribution of surface asperities, their overall shape, and their 

material composition. The key assumptions of this model were that all asperities in 

contact were spherical and had the same radius of curvature, there was no interaction 

between neighboring asperities, and that the asperity heights followed a continuous,  

statistical distribution (assumed to be normally distributed). Figure 2-6 depicts the 

assumptions of the GW model.  

 

Figure 2-6. Illustration of the Greenwood-Williamson model and required input 
parameters 

Equations (2.3 – 2.5) show the developed expressions for contact area, load 

supported, and asperity height probability distribution as a function of asperity number, 

N, average asperity radius of curvature, β , composite elastic modulus, 'E , height 

distribution standard deviation, σ , and normalized surface separation, /h d σ= . 

 ( )1cA N S hπ βσ=  (2.3) 

 ( )1/ 2 3/ 2
3/ 2

4 '
3nF NE S hβ σ=  (2.4) 

 ( )
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h

S h s h e ds
π

∞ −

= −∫  (2.5) 

While initially assuming purely elastic Hertzian surface contact, a primary result of 

the GW model was the plasticity index. This index determines in which regime the 
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predominance of individual asperity contacts reside, elastic or plastic, for various contact 

material and geometries. The plasticity index formula is shown in Eq. (2.6). Values of 

ψ >1 correspond to predominantly plastic contacts, while ψ <1 show increasing amounts 

of elastic contacts. The variable H represents the indentation hardness of the softer 

material. 

 'E
H

σψ
β

=  (2.6) 

Succeeding refinements to the popular GW model relaxed some of the key 

assumptions used in its formulation. Numerically simulated surface contacts incorporated 

anisotropically distributed, elliptically paraboloidal asperities. These simulation results 

differed only slightly from that produced by the GW model  [35,36]. Another study found 

that for two rough surfaces in contact, even if the contacts do not occur exactly at the 

asperity peaks, the resulting contact area is negligibly different from that of a composite 

rough surface touching a smooth rigid plane [37]. These subsequent studies demonstrated 

that the GW model was a good approximation for two contacting rough surfaces even 

though the assumptions it is based upon are not overly complex, as long as the asperity-

height distribution is statistically valid for the surfaces under consideration. 

Contact Resistance 

The ability of rough surfaces to conduct electric current through a contact interface 

is closely linked to the contact area calculations outlined in the previous section. It is 

through these finite contact interfaces that the entire amount of electrical energy is 

constrained to flow. Ragnar Holm is most often credited for the resistance calculation of 

a mono-metallic contact constriction, cR , shown in Eq. (2.7). In Eq. (2.7), ρ  is the 

resistivity of the material and a is the radius of the contact area which is assumed to be 
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circular [33]. Figure 2-7 depicts how the contact area formed between two bodies in 

contact constricts current moving from the top surface to the bottom. A detailed 

derivation of this equation is given by Jones [38].  

 
2cR

a
ρ

=  (2.7) 

 

Figure 2-7. Illustration of a contact constriction caused by interacting rough surfaces 

If dissimilar metals are in contact, an approximation for the constriction resistance 

is to use the average resistivity of the two contacting materials in the equation, 

( )1 2 / 4cR aρ ρ= + . The contribution to the total contact resistance by the interaction of 

many small contact areas was calculated previously [39,40]. The approximate formula for 

the constriction resistance including the contribution from n  parallel contact spots 

separated by a distance d  is shown in Eq. (2.8). 
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a n d

ρ ρ
π ≠

≈ + ∑∑∑
 (2.8) 

 The constriction resistance equation for a single interface was derived assuming 

completely clean metallic contact. If contamination exists between metallic contacts, then 

the resistance of the contaminant film must be added to the constriction resistance. An 
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approximate equation for the contact resistance including contaminant films is shown in 

Eq. (2.9). The resistivity of contaminant material is usually much greater than the 

resistivity of the contact materials. If contact surfaces are contaminated, the overall 

resistance may be dominated by the contaminant film resistance and totally irrespective 

of the constriction resistance [19]. Figure 2-11 depicts how interfacial contaminants can 

affect current flow in a metal contact. 

 ( )1 2
24

film
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t
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a a
ρρ ρ
π

+
= +  (2.9) 

 

Figure 2-8. The combination of constriction and contamination film resistance  

Contact Size Effects 

The mechanism responsible for the electrical resistance in metals is the diffusive 

scattering of electrons traveling through the lattice structure of the conducting material. 

Contacts below a certain size threshold begin to experience a different type of resistance, 

called ballistic conduction resistance, as the size of the constriction becomes the same 

order as the mean-free-path of electrons in the conductor, ~ 10 nm. This resistance, often 

called the Sharvin resistance, is shown in Eq. (2.10). It has been cited as a reason for 

observed deviations in expected behavior of electrical contact resistance studies for 

contacts on the order of tens of nanometers [17, 41]. 
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Interpolation equations were developed that enabled the calculation of combined 

electrical constriction resistance in the intermediate regions between nanometer-scale 

ballistic resistance and diffusive electron-scattering resistance [42,43]. 

Adhesion 

The adhesion between the metal contact surfaces of MEMS devices is also of 

concern because too much adhesion can cause devices to become stuck in the down state,  

which renders the device inoperative. However, the GW model used the purely elastic 

Hertzian contact model to express contact area and load as a function of surface 

separation, and adhesive effects on the contact area size were neglected. Several studies 

sought to remedy this oversight by including the effects of adhesive forces in contact area 

calculation. Johnson, Kendall, and Roberts (JKR) found the solution of an adhesive 

elastic contact between two spheres using an energy balance approach [44]. The JKR 

pull-off force required to separate the contact is shown in Eq. (2.11), where 

1 2 12γ γ γ γ= + −  is the Dupre’ equation for the energy of adhesion between two surfaces, 

and 'R  is the effective radius of the spheres. The JKR-modified contact radius, shown in 

Eq. (2.12), includes the adhesive surface force contribution to the contact area. As the 

surface energy diminishes, 0γ → , Eq. (2.12) reverts back to the classical Hertzian 

equation for contact radius, Eq. (2.1). 

 '3
2poF Rπγ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (2.11) 
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Derjaguin, Muller, and Toporov (DMT) separately solved the same problem using 

a thermodynamic approach and determined the pull-off force to be slightly different, 

shown in Eq. (2.13) [45]. The DMT approach assumed that the Hertzian contact area is 

not altered by the surface force and only the pull-off force required to separate the 

surfaces is affected. 

 '2poF Rπγ=  (2.13) 
The discrepancy between the two models concerning the pull-off force was resolved later 

[46]. It was proposed that the JKR and DMT solutions were both accurate, but existed on 

opposite ends of the same solution space. An adhesion parameter μ  was introduced, 

shown in Eq. (2.14), which linked the two seemingly disconnected theories. The quantity 

0z  is the interatomic distance between the surfaces in contact, typically less than a 

nanometer depending on the material.  
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 (2.14) 

The adhesion parameter represented the ratio of the elastic displacement of the surfaces at 

the point of separation to the effective range of the surfaces forces. The parameter value 

1μ >>  corresponded to large compliant spheres, as in the JKR theory. The DMT model 

corresponded to small rigid spheres and adhesion parameter values of 1μ << .  

 The JKR and DMT models do not depend on the exact form of the surface force 

potential immediately outside the contact region. However, Maugis developed an 

analytical solution  for the adhesive contact of elastic spheres, using a Dugdale square-

well surface force potential (M-D), which spanned the intermediate region between the 

JKR and DMT extremes [47]. The M-D model also contained a transition parameter λ  

which was almost equivalent to μ , 1.16λ μ= . A numerically-fit transition equation was 
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developed that very accurately fit the M-D analytical solution and allowed for easier 

analysis of contacts in the JKR-DMT transition [48]. A graphical adhesion map was 

created that could be used to determine in which adhesive regime a contact resided as a 

function of λ  and the ratio of the applied load to the adhesive pull-off force, '/P P Rπγ=  

[49].  Figure 2-9 shows the adhesion map. With the development of these models, the 

adhesive contribution to the area of contact for spherical contacts could be calculated to 

account for adhesive effects on the contact area and pull-off force of rough surface 

contacts. 

   

Figure 2-9. Adhesion map for elastically contacting spheres [49] 

Thermal Effects of Electrical Current 

The conventional treatment of electrically heated contacts assumes that the only 

dissipation path for resistive heat produced within a contact is by conduction out through 

the bulk materials in contact. Within this constraint, the lines of equal potential for 

electrical current and heat flow within the conductor happen to coincide. Consequently, 

the lines of current and heat flow also coincide. Kohlrausch was the first to recognize this 

relation and derived Eq. (2.15), now called the Kohlrausch voltage-temperature relation 
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for electrical contacts [50]. Equation (2.15) relates the maximum temperature rise above 

the bulk material temperature in the contact, θ , to the voltage-drop across the contact, the 

mean electrical resistivity, ρ , and the mean thermal conductivity, k .  

 
2

8
V

k
θ

ρ
=  (2.15) 

A more rigorous derivation of the voltage-temperature relation that includes the 

temperature-dependent variation of electrical resistivity and thermal conductivity in the 

final result was derived [51]. If the contact temperature rise calculated with Eq. (2.15) 

appreciably affects the material electrical resistivity and thermal conductivity, then the 

more rigorous formulation, shown in Eq. (2.16) is the more valid method of determining 

contact temperature rise. 

 ( ) ( )2

0

8V k d
θ

ρ θ θ θ= ∫  (2.16) 

 The voltage-temperature relation only gives a steady-state calculation of the 

contact temperature. A numerical model was developed to solve for the transient thermal 

response of two bodies communicating through a small circular contact area [52]. Those 

results reiterated earlier calculations that the time constant required for stationary 

electrical contacts to reach near-equilibrium temperatures at locations adjacent to the 

contact is very short, on the order of microseconds depending on the material. The 

temperature rise was calculated for a circular constriction of two semi-infinite bodies 

[50,53]. The time constant for the solution was found to be 2 / 4ca k , where c  is the heat 

capacity per unit volume of the material, a is the radius of the constriction, and k  is the 

thermal conductivity of the contacting bodies. From these findings, thermal transient 

effects are only considered in applications of rapidly moving contacts, such as brush 
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contacts, or in high-frequency power connections, otherwise the steady-state conditions 

for contact heating are primarily considered. 

A common simplification of the voltage-temperature relation can be made by 

utilizing the correlation between electrical and thermal conductivities and temperature, 

known as the Wiedemann-Franz law. This law is shown in Eq. (2.17) and holds if 

electrical resistivity and thermal conduction arise from electron transport in metals. The 

constant L  is known as the Lorentz constant and has a value of 2.45E-8 V2 K-2.  

 k LTρ =  (2.17) 
The voltage-temperature relation in Eq. (2.15) can be recast as Eq. (2.18) using the 

Wiedemann-Franz law expression. Its use is suitable in the temperature range of ordinary 

electrical contacts [50]. 
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However, the applicability of the voltage-temperature relations of Eq. (2.15) and Eq. (2-

18) has been questioned for contacts smaller than a micrometer. Although the voltage-

temperature relation of Eq. (2.15) is irrespective of contact size, the resistance of small 

contacts with characteristic dimensions well under 1 μm experimentally deviate from its 

predicted behavior [41]. This is due to the assumption of a perfectly insulated contact 

being less valid with shrinking contact size as the conductive effects of oxide or 

contaminant films become more pronounced, as the second term in Eq. (2.9) begins to 

dominate the interfacial current conduction. 

 The resistance mechanism, mentioned in the previous section, also determines the 

degree of resistive heating experienced by a contact. Contacts with sizes well above the 

ballistic-conduction threshold generate heat from diffusive scattering of lattice electrons, 

otherwise known as Ohmic heating. Since the ballistic-conduction mechanism originates 
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from boundary scattering instead of conducting electron interactions, Ohmic heating 

within the contact is negligible for ballistic electron conduction. Hence the contact will 

not generate heat in the manner of Eq. (2.15) or (2.16) for contacts in the ballistic-

conduction regime [54].  

 Contacts with complicated geometries and layered contacts, common to MEMS 

devices where a conductive layer is usually deposited on a semi-conductive structural 

layer, make using analytical electro-thermal solutions tenuous. Finite-element simulations 

for thermal MEMS modeling have shown promise in predicting where high-temperature 

failure events would occur [55], but the analytical approaches provide rapid first-order 

evaluations of local temperature rise that can determine if an exhaustive computer 

simulation is necessary. 

Thermal effects from electrical current passage are governed by the required 

operational parameters of the MEMS device. Ohmic heating caused by large current-

carrying contacts can cause melting and catastrophic surface damage in MEMS devices 

[8,10]. For a specified current load, larger contact areas will have a lower current 

densities but also be subject to larger metallic adhesive forces. Smaller contacts reduce 

surface adhesion, but increase the current density in the contact and increase the 

susceptibility to thermal effects. Also, significant non-catastrophic resistive heating can  

over time drive material diffusion and segregation within multilayer films that affects 

contact resistance [56-58]. From a device design standpoint little can be done to mitigate 

the affects of contact melting or diffusion if the system requirements dictate that the 

contact current exceed what the MEMS contact interface can handle. 
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Surface Contamination 

The derivations of  the classical electrical contact resistance models are based upon 

the assumption of clean metallic contact at the interface. If the contact surface 

conductivity changes enough to cause the performance of the contact interface to fail to 

meet operational specifications, then the contact is considered to be degraded. To this 

end, many varied physical phenomenon such as native oxides, particles, carbon films, or 

mechanical damage can affect the surface conductivity of MEMS contact interfaces and 

cause resistance degradation.  

Device surfaces exposed to regular laboratory environments are covered with 

various forms of contaminants which can affect contact resistance [59]. Surfaces can only 

be considered strictly “clean” when they are completely devoid of atomic species other 

than that of the bulk material. Since this condition is only obtainable on surfaces carefully 

prepared in ultra-high vacuum, some amount of contamination will otherwise be present 

on MEMS contact surfaces [60]. Aside from hydrocarbon or oxide surface contaminants, 

the presence of adsorbed water vapor had previously plagued MEMS reliability due to 

excessive meniscus forces overwhelming the restoring force ability of  MEMS devices 

[59]. However, the development of surface water-removal methods during fabrication, 

such as super-critical CO2 drying, have reduced packaged device susceptibility to water-

meniscus force “stiction” failures. 

This brings about a paradoxical problem: the cleaner the surface, the lower the 

contact resistance but the higher the adhesion. It has been theorized that monolayers of 

carbonaceous surface contaminants actually enhance device performance by preventing 

cold welding of metallic contacts without significantly impacting contact resistance [18]. 

Noble metals in particular, while having excellent electrode material properties, are 
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capable of forming strongly bound adsorbed contamination layers that are highly resistant 

to cleaning [61]. Beyond the effects of adsorbed contaminant monolayers, the reduction 

of bulk contact contamination lessens the chance that a MEMS electrical contact will 

become operationally impaired. 

 The contact load determines to what extent surface contamination will impact 

contact resistance. Interfacial contaminants have been shown to adversely alter the cyclic 

contact resistance of low-force metal contacts, but the influence of contaminants on 

electrical contact resistance is diminished as contact force is increased [62]. Lower 

contact forces provide less of an opportunity for contaminant films to be mechanically 

disturbed or ruptured in the absence of shear from interfacial sliding. Consequently, 

undesirably high resistances arising from polluted surfaces affect electrical performance 

and reliability of MEMS switches and relays to a larger extent than macro-scale 

components [18]. 

 Surface contaminant presence has been suggested as a cause for the higher-than-

expected contact resistance regime seen in metal contacts at MEMS-scale force levels. 

The “quasi-metallic contact” regime is marked by unstable and unusually high values of 

resistance at loads below 100 μN for a nominally conductive contact [16]. These high 

resistance values, however, converge to lower, more expected resistance levels as load is 

increased [8]. Surface contaminants may also grow and evolve with cyclic contact, 

causing degradation in the quality of the electrical contact resistance at higher force 

levels [19]. The non-uniformity of surface contamination layers also creates spatial 

variability in both the resistance and adhesion measured on metal surfaces [4]. The ability 
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of carbonaceous contamination to impair electrical contacts can be reduced by altering 

the contact environment [63].  

It is clear from the review of the various factors affecting MEMS electrical contact 

performance that definite trade-offs exist between the need for large, low-resistance 

electrical interfaces and small, non-adherent mechanical interfaces. Of the controllable 

design aspects of MEMS fabrication (contact geometry, load, and material), the choice of 

contact material possesses the most possible avenues for creating a surface that is 

simultaneously low-adhesion and high-conductivity. This type of contact material does 

not currently exist, but by using the thin-film deposition techniques common to MEMS 

fabrication, an optimal low-adhesion, high-conductivity contact material should be 

producible which solves the most common failure mechanisms seen in metal-metal 

contact MEMS devices. 
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CHAPTER 3 
EXPERIMENTAL APPARATUS 

Bulk-Film Electrical Contact Testing 

Modified Nano-indentation System 

A low-force electrical contact resistance apparatus was constructed to investigate 

composite electrical contact materials for MEMS applications without having to 

physically integrate the materials into devices. This ability allowed for quick 

investigation of assorted contact materials, the integration of which into MEMS devices 

would have been prohibitively time-intensive. The apparatus consisted of a nano-

indentation system augmented with electrical contact resistance measuring abilities. A 

picture and schematic of the nano-indentation apparatus is shown in Fig. 3-1. The nano-

indentation system was used to apply and measure the normal load between the contact 

samples, the displacement into the samples, and the pull-off force required to separate the 

contacts.  

The electrical measurements were acquired via a 4-wire measurement technique to 

remove influence from the measurement lead resistances [6]. A schematic of this set-up is 

shown in Fig. 3-2. A current source provided the current passing through the contact. The 

current source was constrained to a sourced upper-threshold voltage when the contact 

was open, called the compliance voltage, or open-circuit voltage limit. 
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Figure 3-1. Nano-indentation system used in low force ECR testing 

 

Figure 3-2. Contact zone schematic 

An ammeter measured the amount of current actually passing through the circuit, while a 

voltmeter in parallel with the contact measured the voltage drop across the both contact 

samples. The contact resistance was calculated from the ratio of the voltage drop 

measured across the contact to the measured sourced current. The capabilities of the ECR 

nano-indentation system are shown in Table 3-1. 
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Table 3-1. ECR nano-indentation system capabilities 

Capabilities Limits 
Measurement 

Uncertainty 

Normal Force 10 μN – 60 mN ±1 μN 

Sourced Voltage 0 – 20 V ±1 μV @ 2 V 

Sourced Current 0 – 1 A ±10 nA @ 1 mA 

 

The nano-indentation apparatus accommodated coated flat samples with linear 

dimensions up to 10 x 20 mm. The flat samples consisted of a silicon wafer substrate 

coated with a titanium adhesion layer and a primary gold electrical contact layer. The 

dimensions of the coated flat samples are shown in Fig. 3-3. The composite electrical 

contact material to be tested was deposited on top of the primary gold layer. The 

electrical contact resistance measurement leads would be connected to the primary layer 

to prevent additional resistances originating from through-film resistance from 

influencing the results. In all tests the contact coating for the sphere sample remained the 

same, a silicon nitride (Si3N4) substrate coated with a titanium adhesion layer and a gold 

primary contact layer. The deposited film stack for contact samples is shown in Figure 3-

4. 

 

Figure 3-3. Coated wafer sample dimensions 
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Figure 3-4. Deposited film stack for bulk film ECR testing 

 

Figure 3-5. White-light interferometry topographic scans of the as-deposited primary 
gold layers on the sphere and flat contact samples 

White-light interferometry topographic scans of the primary gold contact material 

for both sphere and flat samples are shown in Fig. 3-5. Root-mean-squared roughness for 

the sphere and flat samples were 7.5 and 2.4 nm respectively, indicating that the primary 

gold coatings were smooth and replicated the topography of the silicon substrate well. 
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Data Acquisition 

Time-synchronized data acquisition of contact force, displacement, and electrical 

contact resistance was enabled by adding a signal-triggered electrical source meter, a 

Keithley 2400, and a data-logging computer communicating with the Keithley 2440 via 

GPIB. A diagram of the set-up is shown in Fig. 3-6.  

 

Figure 3-6. Diagram of the mechanical and electrical data-acquisition system constructed 
to time synchronize the experiments 

When the nano-indenter first senses a change in contact stiffness, as the sphere and 

flat sample are first touching, a digital I/O channel on the nano-indenter drops a trigger 

voltage from 5 V to 0 V. When the contact trigger is detected by a LabView program 

monitoring the trigger channel, the contact voltage drop, sourced current, and calculated 

contact resistance data being continuously stored in the Keithley 2400 buffer is time-

stamped as time “zero” in the final data file. The contact force and displacement, 
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separately monitored by the nano-indenter data acquisition system, is also time-stamped 

“zero” in the output file when the contact trigger condition is met. Post-processing of the 

separate data files searches for the common “zero” times, then knits the data files 

together into one data file. This enabled the inference of time-dependent electrical 

phenomenon to be made during moments of very close surface proximity. 

Single Contact Cycle 

An example of a data file taken from the ECR nano-indenter for a single 

experimental contact cycle is shown in Fig. 3-7.  

 

Figure 3-7. Example of one experimental contact cycle for a gold-gold sphere-flat contact 

The sphere sample was moved towards the contact until the contact stiffness 

exceeded a user-defined threshold of 100 N/m. At the moment of contact, the normal load 

was zeroed and the test cycle began. The load was increased at a constant rate until the 

maximum load was reached. The load was then held briefly at the peak value for an 



35 

 

averaged resistance measurement, then unloaded at a constant rate until the surfaces 

separated. The force at which the surfaces separated was recorded as the pull-off or 

adhesive force. 

MEMS Electrical Contact Device 

A complementary experimental apparatus developed to investigated composite 

electrical contact materials was a MEMS electrical contact device. The purpose of this 

device was to provide an experimental platform on which promising materials identified 

in bulk film testing could be studied in a true microsystem environment. The advantage 

of such a device is that the number of contact cycles achievable is many orders of 

magnitude higher than the nano-indentation approach, with contact cycle times on the 

order of milliseconds instead of 30 seconds for the nano-indentation apparatus. The 

MEMS electrical contact device is also sensitive to the failure modes, such as 

contaminant film formation and contact sticking, that the composite materials are 

intended to address. 

Electrical contact resistance testing of microsystem contacts was performed by 

employing a MEMS device designed specifically to study low-force electrical contacts. 

The device, a simple cantilever with a single electrical contact interface, is shown in Fig. 

3-8. A SEM micrograph of the contact dimple which serves as one of the electrical 

contact surfaces is shown in Fig. 3-9. The single contact dimple provided a reduced 

apparent contact area for surface analytical techniques such as Auger Electron 

Spectroscopy (AES) or Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) 

to identify failure mechanisms responsible for device malfunction.  
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Figure 3-8. Optical micrograph of electrical contact MEMS device 

 

Figure 3-9. SEM micrograph of the contact dimple on the underside of the cantilever 
beam device 

Device Fabrication Process 

The devices were fabricated using a electroplating process which enabled a gold 

plated layer to be used as the primary structural layer. Figure 3-10 shows the deposition 

process for the contact devices. 
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Figure 3-10. Electroplating deposition process for MEMS contact device fabrication 

The device fabrication process proceeded as follows: 
 
1. A substrate was selected for device fabrication. The chosen substrate for the current 

devices was gallium arsenide wafer coated with an insulating SiON over layer to 
prevent current leakage into the GaAs. 

2. A 100 nm thick layer of TaN was deposited to serve as the pull-down electrode 
material. 

3. A 800 nm thick layer of evaporated gold was deposited to serve as the signal lines. 
4. A polymer, polymethylglutarimide (PMGI), was deposited, masked and etched to 

make the contact dimples and anchor for the cantilever. 
5. A thin gold seed layer was deposited to serve as a plating layer initiator. 
6. Photoresist was deposited, patterned and etched to serve as a guide for the 

electroplated gold. 
7. The structural gold layer is electroplated on top of the gold seed layer. 
8. The photoresist and PGMI layers are etched away, releasing the device. 
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Device Design 

The cantilever in Fig. 3-8 will deflect towards the substrate when sufficient 

actuation voltage difference is applied between the actuation pad and the cantilever. 

Figure 3-11 shows the up state and down state of the cantilever switch. The expression 

for the electrostatic force felt by the cantilever is shown in Eq. (3.1).  
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Figure 3-11. Cantilever MEMS device in up and down-states 

In Eq. (3.1), cA is the area of electrostatic interaction between the pull-down 

electrode and the bottom of the cantilever. The variables g and w are the gap distance 

between the bottom of the cantilever and the actuation pad, and the distance the 

cantilever has moved from its equilibrium position, respectively. The applied voltage V is 

the voltage difference between the actuation pad and the cantilever. As the actuation 

voltage increases, the displacement w  increases, causing an increase in electrostatic pull-

down force. The greater the force, the more the cantilever displaces downward, creating a 

positive feedback and an eventual instability at the voltage where the elastic beam 
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restoring force can no longer oppose the electrostatic force. The voltage where the 

instability occurs causes the beam to snap into contact is called the pull-in voltage. 

It is evident from Fig. 3-11 that the contact force cF  is a function of the 

electrostatic pull-down force, the geometric dimensions of the beam, and the elastic 

properties of the beam material. One method of removing the electrostatic force 

dependence from the contact force is to incorporate raised landing pads on both sides of 

the electrostatic actuation area in the plated gold layer. These pull-down landing pads 

enable the cantilever beam to be pulled into contact with the substrate without shorting 

the actuation voltage gap. If the pad closest to the electrical contact dimple is pulled into 

contact with the substrate, the contact force no longer depends on the electrostatic 

actuation force, but on the deflected beam geometry and material properties. Figure 3-12 

shows how this premise works. 

 

Figure 3-12. Electrostatic actuation force dependence removal from the contact force 
using the pull-down landing pads to geometrically constrain the device 

Equation (3.2) shows the expression for the contact force in terms of elastic 

modulus, E , beam width, length, thickness and beam deflection, ay . The calculated 

contact force for the device shown in Fig. 3-8 was 97.6 μN using an elastic modulus for 
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gold of 88.2 GPa, a beam thickness of 8.1 μm, beam width and length of 25 and 140 μm, 

and a displacement of 1 μm. 
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Finite-element analysis of the beam was performed using ANSYS to verify the 

contact force calculation from simple beam equations. A predicted contact force of 110 

μN was obtained when the beam length, width, thickness, material properties and the 

expected deflection were input to the finite-element simulation. A maximum bending 

stress of 89.2 MPa was predicted at the root of the beam, well below 548 MPa, the yield 

stress for gold [64]. Figure 3-13 shows the finite-element analysis output for the 

geometrically-constrained beam. 

 

Figure 3-13. Finite-element analysis of the geometrically constrained cantilever beam 

MEMS Experimental Testing 

Experimental testing of the MEMS devices was performed using a Wyko NT1100 

DMEMS profilometer. The NT1100 profilometer was equipped with tungsten-tipped 

micro-positioners that were used to make electrical contact to the signal and actuation 

pads of the device. Figure 3-14 shows a white-light interferometry scan of the device 

with the four probes, actuation, ground, and signal on the device. 
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The actuation voltage required by the device to first overcome the elastic restoring 

force of the cantilever was 112 V. For subsequent electric contact cyclic testing, a voltage 

of 150 V was applied so that the pull-in landing pad would be pulled down into the 

substrate, giving a contact force of known magnitude. Figure 3-15 shows white-light 

interferometry height data of cross-sections passing through the beam showing the 

differences between up (un-actuated) and down (actuated) states of the device for an 

actuation voltage of 150 V.  

 

Figure 3-14. MEMS electrical contact device probed in the Wyko NT1100 DMEMS 
instrument 

In the up state, the beam profile is not parallel with the substrate, which is caused 

by residual stresses formed in the gold layer during the plating process. However, the 

change in beam curvature due to residual stress is several orders of magnitude less than 

the change in curvature caused by device actuation tip deflection. This means that the 

change in contact force due to residual stress is negligible, but the affect on actuation 
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voltage is significant due to the change in the gap between the pull-down electrode and 

bottom surface of the cantilever. 

 

Figure 3-15. Height profiles of up and down-state devices 

Electrical contact resistance was measured by recording the voltage drop across the 

low and high signal probes and dividing it by the measured sourced current. Cyclic 

contact testing was performed by repeatedly actuating the device with a potential 

difference across the signal line and the cantilever. Two sets of tests were performed, one 

with a sourced current of 1 mA and 1 V compliance voltage. The other test was 

performed with a 3 mA sourced current and a 3.3 V voltage compliance. The 3 mA and 

3.3 V test condition was the same as a MEMS accelerometer operating condition. All 

tests were performed in laboratory air environment. The results of these hot-switched 

tests are shown in Figure 3-16. 
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Figure 3-16. Results of hot-switched electrical contact resistance testing of the MEMS 
cantilever device 

It is clear from Fig. 3-16. that the MEMS cantilever ECR device experienced 

contact resistance degradation with cyclic hot-switched actuation. An order of magnitude 

decrease in device lifetime between the 1 V and 3.3 V tests is due to the effects of hot-

switching on the electrical contact surface. Hot-switching is especially hard on low-force 

electrical contacts. Repeated contact cycling in the same location, without translating the 

sample, can cause detrimental behavior in the contact surfaces. The trend in contact 

resistance with contact cycle is similar to the degradation seen in previous work [65]. The 

resistance degradation shape is also seen in hot-switched bulk film nano-indentation 

experimental results, shown in Fig. 3-17. 
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Figure 3-17. Example of resistance degradation for hot-switched contact in the same 
location 

In Fig. 3-17, the contact resistance was initially low, 965 mΩ, for a gold-platinum 

contact pair for an applied contact force of 150 μN. As the contact was repeatedly 

brought in and out of contact, the contact resistance increased by several orders of 

magnitude within 25 cycles. While the resistance trend is the same in Fig. 3-16 and 3-17, 

the number of cycles at the onset of the degradation was three times higher for the 

MEMS test device than the nano-indentation experiments. Hot-switched contact 

resistance degradation is an important topic to consider for MEMS electrical contacts, but 

is tangential to the discussion of the effect of composite electrical materials on contact 

resistance and adhesion. Investigation of the phenomenon responsible for hot-switched 

electrical contact resistance degradation of low-force metal contacts is presented in 

Appendix A. 
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CHAPTER 4 
CONTACT MODELING 

The previous chapter discussed the experimental apparatus employed to study low-

force electrical contacts. In addition to the experimental endeavor, significant effort was 

expended on the development of computer models to simulate the effects of composite 

contact material on low-force electrical contacts using real measured surface data. The 

two main thrusts of the modeling effort were, i) a rough surface contact calculator, and ii) 

a three-dimensional random resistor network electrical current calculator with contact 

surface temperature-rise capabilities. In addition to the contact and current modeling, a 

model to determine the adhesion of contacting rough surfaces was also developed. 

Rough Surface Contact Modeling 

An novel approach to calculating rough surface contact area is to use three-

dimensional discretized surface data obtained from surface microscopy, instead idealized 

surface topography models, to directly calculate the interfacial contact area. Quantitative 

discretized surface data is most often obtained from stylus profilometry, optical 

profilometry or atomic force microscopy, depending on the scan area size and range of 

surface heights to be measured. An example of an optical profilometer, a Wyko NT-1100, 

is shown in Fig. 4-1. Such a device is capable of accurately measuring surface height data 

quickly and without extensive sample preparation and experimental set-up time.  
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Figure 4-1. An example of an optical surface profilometer, a Wyko NT-1100 

The surface data generated by optical profilometry is a two-dimensional X-Y array 

of pixels with Z height distance associated with each pixel. An example of a surface scan 

with a 640 X 480 pixel lateral sampling interval taken from a gold-coated steel sphere is 

shown in Fig. 4-2.  

 

Figure 4-2. Discretized surface scan obtained from optical profilometry 
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The resulting surfaces can be treated as a collection of voxels, or volume pixels, 

shown in Fig. 4-3. The voxel rough surface model is composed of a collection of 

individual of voxels, with each voxel representing a X,Y, and Z value. Each voxel in the 

array is independent of its neighbor voxels and the material response of each voxel to 

mechanical load does not communicate to neighboring voxels. 

 

Figure 4-3. A voxel surface constructed from a profilometer-obtained data scan 

To calculate interfacial contact area, two voxel surfaces are placed a distance far 

away from each other. The surfaces are then advanced towards one another until at some 

surface separation the voxel elements begin to interfere. Figure 4-4 shows a 

representation of two voxel surfaces about to be brought into contact. As the surface 

separation is decreased further, the interaction between voxels in each surface increases. 

Surface contact is composed of the summation of all of the individual voxel interactions 

occurring at a given surface interference. An individual voxel interaction is shown in Fig 

4-5.  
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Figure 4-4. Two separated voxel surfaces 

 

Figure 4-5. Voxel contact interaction 
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The voxels have a uniform differential area of 2L  and a for voxels in contact, an 

interference depth d . Different material constituative models - elastic, plastic, or elasto-

plastic - may be used to relate voxel interference depth (strain) to pressure (stress) and 

load-carrying capacity. The simplest approach is to assume a rigid-perfectly plastic 

material model for the voxel interactions. This assumption states that no elastic strain is 

built-up as the voxels are pressed together and the contact pressure is equal to the 

material indentation hardness. 

Figure 4-6 shows the stress-strain relation for the rigid, perfectly-plastic material 

assumption. The indentation hardness assumption circumvents the need to define the 

elastic strain for each individual element with respect to a gage-length. Each voxel in 

contact contributes the same increment of load support, regardless of the degree of 

deformation of the voxel. A more rigorous contact modeling approach would include 

volumetric redistribution as the material displaced inside the contact plastically flows 

outwards to non-stressed areas. However, this model refinement is neglected due to the 

small amount of error introduced into the contact area calculation, perhaps several 

percent for low-force MEMS contacts. 

 

Figure 4-6. Rigid, perfectly-plastic constituative material model used for voxel contact 
interactions 
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The contact force generated from a single voxel interaction is calculated from the 

material indentation hardness and the area of the voxel. This is shown in Eq. (4.1). The 

total contact force is calculated by summing the force contributions from N interacting 

voxel pairs, shown in Eq. (4.2). 

 2*contactF H L=  (4.1) 

 
1

i

N

n contact
i

F F
=

= ∑  (4.2) 

The treatment of contacting rough surfaces as a collection of independently-acting 

voxels is particularly suited to low-force contacts, such as MEMS devices, where the 

number of load-bearing points in the contact interface are very few compared to the 

overall surface size. The use of a analytical function to fit the surface height distribution, 

such as a Gaussian fit in the widely-used Greenwood-Williamson model, becomes 

increasingly erroneous as the contact load is decreased. Figure 4-7 illustrates how the 

Gaussian fit is an adequate approximation for the entire histogram of surface heights 

about the mean plane for the surface shown in Fig. 4-2. 

However, the further away the Gaussian fit is examined from the surface mean 

plane (and closer to the highest points in the height distribution) the more poorly matched 

the fit becomes to the actual surface height data. This poor fit is negligible for macro-

scale loads, as the deformation is sufficiently large enough to bring surface points away 

from the poorly-fit surface points into contact, causing the error introduced in the contact 

area calculation to be small. However, for MEMS contacts the forces are small enough 

that the poorly-fit outlying surface points are able to support the entirety of the load, 

making the Gaussian fit or any analytical fits to the surface height distribution ill-suited 

for contact area calculation. 
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 A  B 

  C  D 

Figure 4-7. Histograms of the surface height data about the mean plane taken from Fig. 4-
2. A) is a histogram of the entire surface, B) is a closer view of the surface 
histogram, C) shows the tail of the asperity distribution and D) shows a  
magnified view of the tallest asperities most likely to be involved in surface 
contact 

Real Surface Contact Simulation 

The computational advantage of this contact area calculation method is that since 

the voxels in one surface are directly registered to the voxels in the opposing surface, no 

computationally-expensive searching is required to locate contacting voxel elements. 

This computational economy allows for almost real-time calculations of contact areas for 

relevant engineering surfaces.  

Contact area calculation for two real rough surfaces was performed by applying the 

above method to a 0.79 mm radius gold-coated Si3N4 sphere, shown in Fig. 4-8, and a 
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gold-coated Si wafer, shown in Fig. 4-9. The indentation hardness used for the contact 

force calculation was 2 GPa, which was determined from nano-indentation hardness 

testing of the same deposited material. Contact simulation was performed by 

decrementing the distance between the surfaces until the calculated contact force became 

non-zero. The surface separation was then stepped in small increments until the 

calculated contact force became equal to the target contact force. When the target contact 

force was reached, the contact area was determined from the interacting voxels 

responsible for the contact load. The predicted contact area for a 60 mN normal load is 

shown in Fig. 4-10. Also shown in Fig. 4-10 is the Hertzian contact area calculated using 

the material and geometric properties of the scanned surfaces for the same applied load. 

The Hertzian contact model neglects surface roughness effects and assumes a completely 

elastic material response. 

 

Figure 4-8. Gold-coated Si3N4 ball bearing voxel surface 
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Figure 4-9. Gold-coated silicon wafer voxel surface 

 

Figure 4-10. Predicted contact area using rigid-perfectly plastic voxel rough surface 
contact model, Hertzian contact model, and Greenwood-Williamson 
statistically-based model for the same gold-gold contact surfaces under a 60 
mN load 
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The contact simulation method outlined above is superior to statistical contact area 

methods, such as Greenwood-Williamson, due to the absence of any assumptions based 

on perfectly spherical asperities and ambiguity about their statistical distribution. The 

quantitative topographic data taken from two surfaces of interest directly compute the 

predicted contact area using straightforwardly obtained material constants and simple 

constituative models. The voxel rough surface contact model also allows for predictions 

in contact area shape, an ability completely lacking in statistically-based models. The 

resulting prediction of contact area can be used to help explain low-force electrical 

contact phenomena. 

Electrical Current Modeling 

The modeling of MEMS electrical contacts can be accomplished by understanding 

how MEMS electrical contacts are composed. Figure 4-11 shows a focused ion-beam 

(FIB) cross-section of an electrical contact dimple fabricated using the same process as 

the device shown in Fig. 3-9. The contact geometry of the electrical contact surface, 

where the cantilever dimple touches the signal line, can be seen in the bottom of Fig. 4-

11. A closer look at the contact dimple region in Fig. 4-12 shows the coarse-grained 

structure of the electroplated gold cantilever, and the evaporated gold signal line. When 

the switch is actuated the contact dimple is pressed against the signal line, creating a 

metal contact and enabling current to flow. A schematic of the electrical contact is shown 

in Fig. 4-13. 

When the electrical contact bridge is made between two gold contact members, the 

sputter-deposited gold seed-layer deposited to initiate the electroplate growth will be 

interposed between the movable cantilever and the stationary signal line. The seed-layer 

can be seen in Fig. 4-12 as the thin, bright outline on the bottom of the top electroplated 
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layer. An idealized electrical contact model showing the seed layer in between two gold 

contacts is shown in Fig. 4-14.  

 

Figure 4-11. Focused ion-beam cross section of a gold-gold MEMS electrical contact 

 

Figure 4-12. Magnified view of the MEMS electrical contact 
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Figure 4-13. Schematic of electrical contact formed from the contacting members of Fig. 
4-12 

 

Figure 4-14. Idealized model of a MEMS electrical contact 

The amount of current passing through the interface is a function of the voltage 

difference between the contact surfaces and the resistance of the interface. The resistance 

of the interface is a function of the size of the contact area and the resistivity of the 

interfacial material. In a homogenous contact material layer, the resistance of the 

interface is straightforward to calculate if the contact area and material are known. The 

resistance of a composite material is more complicated. 
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In the calculation of the current flowing through a composite film, similar to the 

one shown in Fig. 4-15, the relative distribution of the composite material constituents 

plays an important role. The boundary interface of the composite controls the adhesion 

between the bulk MEMS surfaces, but the conductive pathways through the interior of 

the composite determine the resistance of the interface. The calculation method of 

interfacial adhesion is straightforward. The amount of adhesion between the composite 

and the top electrode is typified by a linear-rule of mixture relationship. The relative ratio 

between the amount of gold and non-gold filler in the composite is proportional to the 

amount of adhesion present between the composite and the top contact. 

 

Figure 4-15. Composite thin-film electrical contact showing the role of the interface on 
adhesion and the bulk of the film on resistivity 

The calculation of the composite material resistance can be accomplished by 

employing a random resistor network (RRN) to model the electrical transport in the 

composite. In the RRN, the composite material is discretized as a simple cubic lattice of 

two different materials, a conductive and filler phase, which are randomly distributed 

through the material. A nodal network is over-laid on the composite with nodes laying at 

the center of each material element. Electrical resistors connect the nodes, with the 
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resistance determined by the resistivity of the connected material elements. Figure 4-16 

shows the nodal connectivity and the assignment of resistance for a resistor based on the 

material between the nodes. The resistance between a pair of nodes is calculated by the 

equation hR
wt
ρ

=  where ρ  is the average resistivity of the materials between the nodes, 

h  is the distance between the nodes, and wt  is the product of the element width and 

thickness. 

 

 

Figure 4-16. Random resistor network approach to compute the resistance of a composite 
electrical contact material 

After the nodal mesh and inter-node resistances are determined, the computation of 

the resistance of the RRN is performed. Figure 4-17 shows the RRN constructed from the 

electrical composite of Fig. 4-16. The voltage at the top and bottom nodes, corresponding 

to the equipotential surfaces of the top an bottom contacts, is prescribed. Equation (4.3) 

shows the mathematical equation for the current entering into the ith node in the RNN. 

The ith node is assumed to have an equipotential with voltage iV . If ijg  is the local 
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conductance between the ith and jth node, the current iI  entering the ith node is the sum 

of the currents entering into (or leaving from) the other nodes connected to the ith node. 

For a simple cubic lattice structure the maximum number of nearest bonding sites or 

coordination number, N , is 4 for a two-dimensional lattice and 6 for a three-dimensional 

lattice.  

 ( )
N

i ij i j
j

I g V V= −∑  (4.3) 

 

Figure 4-17. Simplified representation of the RRN used to solve for the resistance 

The application of Eq. (4.3) for every node in the RRN creates a linear system of 

equations. Modified Nodal Analysis (MNA) was employed to solve for the nodal currents 

by applying Eq. (4.3) to the nodal mesh shown in Fig. 4-17. A detailed outline of the 

MNA algorithm is presented in Appendix B. Once the current flowing through the nodal 

mesh is known, the total current passing through the RRN can be found. Dividing the 

total current by the prescribed voltage difference across the RRN yields the resistance of 

the contact material, whether homogenous or inhomogeneous composite, without 

distinction. 
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Combined MEMS Electrical Contact and Current Modeling 

The combination of the voxel surface approach to rough surface contact area 

calculation with the RRN electrical resistance calculation method can be used to estimate 

the contact resistance for MEMS devices using real rough surfaces and material data 

obtained from the devices. Using the voxel surface method, the interfacial contact area 

for two rough surfaces is obtained, shown in Fig. 4-18.  

 

Figure 4-18. Contact window created by voxel surface method 

Figure 4-19 and Fig. 4-20 show surface topography of the contact dimple and 

signal layer for the MEMS electrical contact device obtained using an atomic force 

microscope (AFM). AFM surface data was used to obtain the topographic data instead of 

a white-light interferometer because the minimum spatial resolution of the interferometer 

is too large and the size-scale of the surface features on these samples is too small to 

obtain sufficient surface data required to compute contact area for MEMS-scale contact 

forces. A white-light interferometer at its highest magnification of 100 X, will produce a 
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computed contact area that consists of only several pixels for a 100 μN normally-loaded 

gold contact surface. The spatial resolution of the input surface scans must be at least 

several orders of magnitude smaller than the contact size to obtain accurate data with the 

RRN electrical contact resistance calculation method. 

The surfaces shown in Fig. 4-19 and Fig. 4-20 were input into the voxel surface 

contact calculator. A 2 GPa hardness for the gold surfaces was input into the calculator 

program. Hardness values for thin-film deposited gold range from 1-3 GPa [66,67]. As an 

example of the ability of the method to analyze very low-force contacts, a target contact 

load of 1.25 μN was input into the contact program. The calculated contact area that 

supported the target load is shown in Fig 4-21. The pixels within the contact area become 

the contact window used in the RRN calculation shown in Fig. 4-18. 

 

Figure 4-19. AFM scan of surface topography for the electroplated gold contact dimple 
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Figure 4-20. AFM scan of surface topography for the evaporated gold signal layer 

 

Figure 4-21. Contact area for a 1.25 μN normal load applied to the contact dimple and 
signal layer surfaces 

The contact window shown in Fig. 4-21 determines the nodal connectivity between 

the surfaces at the interface. The contact connectivity was used in the three-dimensional 
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RRN, shown in Fig. 4-22. The 3-D RRN simulates the current flow traveling through the 

electrical bodies in a fashion identical to the process outlined above, the main difference 

being the three-dimensional nodal mesh and severed nodal connectivity at the pixels not 

in contact. A voltage drop was specified across the contact bodies and the current flowing 

through the contact was calculated. After the 3-D RRN contact resistance calculation was 

completed, a map of the current passing through the contact was constructed. Figure 4-23 

shows the current map in the contact area of Fig. 4-21. The largest nodal current within 

the contact was 23.4 μA. The total integrated current passing through the contact was 

2.32 mA for a prescribed voltage drop of 10 mV, giving a calculated resistance of 4.31 Ω. 

This resistance is reasonable for a contact with characteristic dimensions under 100 nm. 

 

Figure 4-22. Depiction of the three-dimensional RRN used to calculate contact resistance. 
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Figure 4-23. Current map for the contact shown in Fig. 4-21. The highest currents are  
concentrated at the periphery of the contact 

The total number of thickness layers used in the 3-D RRN simulation was ten. Figure 4-

24 shows the current passing down through the top 5 layers of the 3-D RRN. The total 

current in layer 1, the top-most layer of vertical resistors attached to the equipotential 

boundary surface, is highly distributed among the all of the resistors in the layer. As the 

current descends through the resistor network and gets closer to the contact elements, the 

resistors closest to the contact spot begin to carry more and more current as the current is 

forced through the contact constriction. In layer 5, only the elements in contact 

determined by Fig. 4-21 have current passing through them. Since the contact modeled is 

homogenous gold, the current maps for the bottom layers 6-9 are symmetric about the 

contact as the current spreads away from the contact constriction. The variations in 

material resistivity and the effects on current constriction are investigated in the 

following chapter. 
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Figure 4-24. Current maps of the layers 1-5 of the 3-D RRN as the current descends 
toward the contact layer and forced through the constriction 
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  Thermal Modeling 

Once the current in each resistor element is known, a heat flux based on the Ohmic 

resistive heating was applied in a discretized half-space heat conduction model [68]. 

Figure 4-25 shows a single element in the model. For all of the elements in the contact 

layer, in contact or not, Eq (4.4) is applied in order to determine the temperature rise in 

each element. Equation (4.4) combines the temperature rise for an element with an 

Ohmic heat flux over it, the first half of the Eq. (4.4), with the temperature rise from 

conductive heat flow from neighboring elements. Equation (4.5) shows the equation for 

the heat flux for a single current-carrying element. This basic modeling does not 

incorporate any scale-dependency on the heat conduction mechanism. 
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Figure 4-25. Discretized heat conduction model 

Figure 4-26 shows the result of the heat conduction model applied to the current 

map of Fig. 4-23. The maximum temperature rise within the contact for a total current of 

2.32 mA is only 0.034 degree K. The reason for the very modest temperature rise is that 



67 

 

gold is both an excellent electrical (2.2e-8 Ω*m) and thermal conductor (317 W/m*K). A 

quick check of the thermal modeling is to use the Kohlrausch voltage-temperature 

relation, Eq. (2-15), to compute a maximum temperature rise. Using the electrical and 

thermal conductivities given above and using the contact voltage drop of 10 mV in the 

Kohlrausch relation gives a maximum temperature rise of 0.018 degree K. The two 

values agree within a factor of two. 

 

Figure 4-26. Temperature rise map for the Ohmic heating due to the electrical current 
passage of Fig. 4-21 

Adhesion Modeling 

Traditional calculation of adhesive force involves the use of approaches like JKR or 

DMT described in Chapter 2. Depending on the contact geometry and interfacial 

material, the adhesive force calculation using these methods is uncomplicated. The 

ambiguity in using these approaches arises when deciding what constitutes the “asperity 

radius” for rough surface contact. The JKR equation, '2poF Rπγ= , assumes spherical 
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asperity contact and requires an estimate of effective radius to calculate the adhesive 

force. For low-force rough surface contacts like the one shown in Fig. 4-21 the 

assumption of a spherical asperity is questionable. 

Instead of using JKR or DMT approach, an alternative method to compute the 

adhesive force of two metallic surfaces using real surface topography is presented here. 

To calculate the adhesive force, the total number of atoms inside the predicted contact 

area must be calculated. This can be calculated by finding the number of atoms inside a 

single pixel, and then summing the number of pixels within the contact surface. Once the 

total number of atoms in the contact is known, the adhesion force contribution for each 

atomic contact can be summed, yielding a pull-off force prediction for a clean metallic 

contact.  

Assuming two gold surfaces are brought into contact using the voxel contact 

calculator, the resulting contact area will be a subset of the entire image pixel-field. The 

pixels in contact will have characteristic length, pL , based on the  input surface scan 

length, divided by the scan resolution. For example, the side length of a single pixel in 

the 512 x 512 pixel, 5 μm x 5 μm AFM surface scan would be 5 μm / 512, or 0.98 nm. 

Each individual pixel within the contact area would be then sub-divided into a square 

array, with each cell within the array having a linear dimension equal to the atomic 

diameter, atomD , of the surface material. Figure 4-27 illustrates how the sub-division into 

an atomic array of a single contact island within contact area is performed. 

Computing the ratio of the pixel length to the atomic cell dimension, /p atomL D , 

gives how many atomic cells will fit along one dimension of the pixel. For the self-mated 

gold contact area shown in Fig. 4-21, with gold having an atomic diameter of 0.2884 nm, 
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the ratio of pixel length to atomic cell length is / 9.776 / 0.2884 3p atomL D = ≅ . The total 

number of atomic cells within a single pixel is therefore ( )2
/ 11.5p atomL D ≅ . 

Multiplying the total number of pixels in contact with the number of atomic cells per 

pixel gives the total number of atoms in contact, 725*11.5 8,371≅  atoms for a 1.25 μN 

applied force. 

 

Figure 4-27. Population of an discretized contact island with an array of atoms 

Once the total number of atoms in contact is known, the individual adhesive force 

contribution from each gold-gold contact can be summed together to predict the total 

force required to separate the mated surfaces. Several references exist which have 

measured the magnitude of adhesive force for gold nanowires with a specially-

instrumented AFM apparatus [69-71]. Figure 4-28 shows a picture of the nanowire 

formation upon unloading of the AFM apparatus [69]. The adhesive force for a single 

gold-gold atomic contact was extrapolated from the nanowire adhesive force experiments 

and was determined to be 1.6 nN. This value is supported by theoretical studies which 
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predicted the adhesive force of the same contact to be in the range of 1 to 2.2 nN [72]. It 

is arguable whether this value is a cohesive force or an adhesive force. A distinction is 

usually made between an adhesive force, which acts to hold two separate bodies together 

(or to stick one body to another) and a cohesive force, which acts to hold together the like 

or unlike atoms, ions, or molecules of a single body. In this particular case, both 

situations are seemingly appropriate, but for clarity the term “adhesive” force is used.  

 

Figure 4-28. TEM image of gold nanowire formation from unloading of AFM contact 
experiments [69] 

Multiplying the number of atoms in contact with the adhesive force contribution of 

a single atomic gold contact, the adhesive force of the simulated contact is calculated to 

be, 8371*1.6 13,394≅  nN, or 13.4 μN. This value is almost eleven times greater than the 

applied load of 1.25 μN. The adhesive force calculated using JKR for the same contact, 

assuming a composite radius of 100 nm and an adhesion energy for gold-gold contact of 

2.2 J/m2, is 1.04 μN. While the JKR figure for adhesive force appears reasonable, the 

arbitrary nature of choosing a 100 nm based on a spherical asperity assumption makes its 

use questionable. 
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The seemingly large adhesive force value of 13.4 μN using the voxel-contact 

surface is in fact supported by experimental evidence of cold-welding of gold-gold 

contacts in ultra-high vacuum [18]. Extremely high adhesive forces due to strong metallic 

bonding can be generated between metal contacts when the surfaces are devoid of any 

contaminants. The assumption that every atom contributes to the adhesive force, as 

shown in Fig. 4-27, is akin to assuming that the contact interface is atomically clean. In 

reality, adventitious contaminant surface films and material defects will reduce the actual 

adhesive force by preventing strongly-bonding metal-metal contact to occur. The 

adhesive forces of these interfering entities are many orders of magnitude less than the 

metallic contact forces and the contribution of non-metallic substances are effectively 

negligible in the total force summation unless their presence is overwhelmingly 

predominant. Appropriate reductions in the number of atoms in contact, by a factor of 

three at least, would represent the effects of low surface energy contaminant species on 

the surfaces in a non-vacuum device environment.  

Overall, the use of real surface topography to calculate contact area is pivotal in 

estimating MEMS contact properties, such as electrical contact resistance, Ohmic 

temperature rise and adhesive force, that are dependent on interfacial contact area size 

and distribution.
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CHAPTER 5 
COMPOSITE ELECTRICAL CONTACT MATERIALS 

Percolation Threshold 

The computation of composite electrical contact material resistivity can be 

accomplished using analytical expressions. Figure 5-1 shows three different structural 

models of a composite electrical contact material. A simple linear rule of mixture model 

is analogous to the leftmost composite in Fig. 5-1. Alternating layers of material 

perpendicular to the current direction offer no preferred conduction path through the 

material, hence the electrical current transport capability of the composite is dominated 

by the most poorly conducting species, analogous to resistors in series. In the opposite 

case, the middle composite in Fig. 5-1 vertically orients the two materials parallel to 

current flow, creating a composite material which is instead dominated by the most 

conductive phase. The rightmost composite in Fig. 5-1 is unique from the first two 

models. In a composite whose constituent phases are randomly distributed, the resistivity 

depends on not only the resistivity of the constituent phases, but the orientation of the 

phases with respect to each other. The resistivity of this composite structure can be 

described using a percolation model which is a function of constituent resistivity and 

relative  interconnectedness.  

Electrical conduction in an inhomogeneous medium using a percolation model was 

first proposed in 1957 [73]. In the percolation model, a structural lattice is composed of 

an array of locations, or sites, which are interconnected. Each site has a  probability of 

whether the site is low-resistivity or high-resistivity and that probability is independent of 
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the state of its neighbors. Electrical conduction can only occur from one site to its 

immediately neighboring sites. The current eventually propagates through the composite 

solid. At a critical volume fraction of the conducting phase, called the percolation 

threshold, a continuous path of conductive sites is formed from one equipotential surface 

to the other. When the percolation threshold is reached, the resistivity of the composite 

greatly decreases and behaves more like the parallel-addition composite. 

 

Figure 5-1. Different electrical composite models, series-addition, parallel-addition, and 
randomly distributed 

Equation (5.1), called the logarithmic mixing rule, can be used to calculate the 

resistivity of a electrical contact composite, mρ , as a function of the high resistivity and 

low resistivity phases, hρ  and lρ , the volume fraction of the low resistivity phase φ , and 

an exponent n [74]. The series-addition composite resistivity, or linear rule of mixture 

equation, can be obtained with 1n = , while the parallel-addition composite resistance can 

be obtained with 1n = − .  

 ( )1 1 11
n n n

m h l
φ φ

ρ ρ ρ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞

= − +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (5.1) 

Equation (5.2), called the General Effective Media (GEM) equation, was developed 

to calculate the resistivity of a randomly distributed composite material [75]. The GEM 

equation can be used to calculate the composite resistivity for structures like the one 

shown in the rightmost composite of Fig. 5-1, given the resistivities of the low-resistivity 
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and high-resistivity phases. The variable cφ  is the critical fraction of low-resistivity phase 

where the composite material percolates and the transition from high-resistivity to low-

resistivity occurs. 
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Figure 5-2 shows the normalized resistivity for each of the respective mixing rules, 

series-addition, parallel-addition, and GEM equations. The resistivity models are plotted 

as a function of gold percentage in the composite and normalized by the resistivity of 

gold, ( )82.2 10x m− Ω⋅ . The resistivity difference between the high-resistivity phase and 

gold was chosen to be 100,000 which is typical of the resistivity of fillers used in gold 

composites [76] . In Fig. 5-2 the series-addition normalized composite resistivity 

increases almost immediately with inclusion of high-resistivity phase. In contrast, the 

parallel-addition normalized resistivity remains within an order of magnitude of pure 

gold up to high-resistivity phase percentages of 90%. From an engineering standpoint the 

parallel-addition composite material structure is most optimum if the goal is to keep the 

resistivity as low as possible while maximizing the amount of filler in the composite. 

An example of how the percolation threshold affects resistivity in a real composite 

material is shown in Figs. 5-3 through 5-8. A transmission electron micrograph of a gold-

MoS2 co-sputtered nano-composite film is shown in Fig. 5-3 [77]. The darker, banded 

grains are gold, while the lighter, unstructured bands are molybdenum disulphide. By 

modulating  the contrast in Fig. 5-3, the contact resistance calculator outlined in the 

previous chapter was used to determine the resistivity of each image in Figs. 5-4 through 

5-8. Each image in Figs. 5-4 through 5-8 consists of a site-lattice structured image 



75 

 

constructed from Fig. 5-3. Modulation of the image contrast created a variation in low-

resistivity phase (black pixels) in a matrix of high-resistivity phase (white pixels). The 

binary composite image for each volume fraction was then fit with a random resistor 

nodal mesh and given a voltage difference across the mesh. The resulting current flow 

map adjacent to each binary composite image shows the most conductive pathway 

through the composite. The darkest pathway in the current map corresponds to the 

highest magnitude current within the composite. This method of taking real cross-

sectional material microscope images enables direct assessment of composite material 

electrical transport capabilities, although the limitation of two-dimensional imagery 

reduces its usefulness in dealing with contact simulations. 

 

Figure 5-2. Normalized composite resistivity as a function of decreasing gold percentage 
for series-addition, parallel-addition, and randomly distributed models 
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Figure 5-3. TEM image of a co-sputtered gold-MoS2 composite film [77] 

 

Figure 5-4. Numerical simulation of the current flow through a 10% gold composite 

 

Figure 5-5. Numerical simulation of the current flow through a 35% gold composite 
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Figure 5-6. Numerical simulation of the current flow through a 45% gold composite, 
percolation threshold occurs in between Fig 5-5 and 5-6 

 

Figure 5-7. Numerical simulation of the current flow through a 66% gold composite 

 

Figure 5-8. Numerical simulation of the current flow through a 93% gold composite 
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Figure 5-9 shows the normalized resistivity of each of the numbered composite 

current simulations. As the high-resistivity phase percentage (white pixels) is decreased, 

the composite resistivity decreases gradually until the percolation threshold is reached. 

When the critical conductive phase percentage is reached, at continuous path of 

conductive (black) pixels bridges the entire composite and the composite resistivity drops 

by over three orders of magnitude. As the high-resistivity phase percentage is reduced 

further, the normalized composite resistivity again drops at a gradual rate. 

 

Figure 5-9. Normalized composite resistivity of the contrast-modulated TEM images 
showing percolation threshold of 37% 

It is clear from Fig. 5-9 that to create an useful electrical composite material the filler 

percentage must remain less than the critical percentage near the percolation threshold, 

otherwise the penalty paid in increased resistivity will be too great. 
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Experimental Investigation of Composite Films 

Film Deposition 

With the theoretical framework for predicting and analyzing composite electrical 

contact materials established, thin-film electrical composite material were created for 

experimental testing. Three different composite film compositions, Au-Al2O3, Au-TiN, 

and Au-Ni, were made using a pulsed-laser deposition (PLD) technique. Figure 5-10 

shows a schematic of how the PLD system operated.  

 

Figure 5-10. Pulsed-laser deposition 

The composite materials were deposited in vacuum using a KrF excimer laser, with 

a wavelength of 248 nm, a 34 ns full-width half-maximum pulse width, and operated at a 

pulse rate of 35 Hz.  The pure gold and filler phase ablation targets and sample substrates 

were mounted in an all-metal vacuum chamber with a base pressure of 2x10-7 Torr. The 

laser light was directed through a UV-transparent window to a fixed position in the plane 

of the target. The targets were continuously rastered in that plane over several square 
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centimeters during deposition. The laser energy density at the target was in the range of 

1-2 J/cm2.  The deposition rates were material dependent: gold deposited at a rate of 

0.106 Å/shot, corresponding to 500 nm thick film deposited in 30 minutes.   

A particle filter was mounted between the targets and the sample to eliminate the 

slow, non-plasma components of the laser ablation plume, which would otherwise lead to 

a rough, non-ideal film.  The interposed velocity filter consisted of a 15 cm diameter 

wheel with two 5 cm wide slots around the periphery. The filters were spun at a speed of 

2100 rpm during the deposition with a wheel to target spacing of 2 cm and the laser 

synchronized to the wheel position. The laser was fired when one of the openings was 

positioned between the target and sample substrate, allowing the fast (~105 cm/s) plasma 

component of the plume to pass through to the substrate, while blocking the slower 

moving (~103 cm/s) particle component. This produced a smooth, uniform film on the 

sample ~1 cm wide with very few large particles incorporated into the film.   

The composition of the composite film was varied by alternating gold and filler 

phase targets. The ablation of each material by the laser produced a short burst of plasma 

that is quenched on the substrate to be coated; alternating between targets allows the 

composition of the resulting film to be precisely controlled, while the amount of each 

material deposited in a cycle is kept low enough (< 1 monolayer) that the final material is 

approximately uniform in composition. Individual deposition cycle layers were typically 

less than 10 Å each, but incomplete in areal coverage. The PLD films were deposited on 

top of a 500 nm thick pure gold evaporated layer. The final desired thickness of the PLD 

composite films was 50 nm. 
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The filler phase materials for the PLD process were chosen for several reasons. 

Alumina was chosen as a filler phase because it is a chemically stable, thermally 

invariant, additive phase for gold films that was known to block dislocation motion, and 

to be compatible with the PLD process [78]. Gold-alumina cermet films had been 

previously fabricated using PLD, as well as by co-sputtering [78-80].  The hypothesized 

advantage of the Au-Al2O3 composite over a pure gold electrical contact was that the 

alumina-filled material would have a reduced contact area and limited the amount of 

gold-gold contact adhesion, but without significant affects on the electrical resistivity. 

Similarly, titanium nitride was chosen because of its stability and increased 

hardness over pure gold. Au-TiN composites have been fabricated using co-sputtering, 

increasing the measured Vickers microhardness of the composite over pure gold films by 

300% [81]. It was hoped that Au-TiN composites would be significantly more conductive 

than the alumina composites while still achieving similar hardening and adhesion 

reducing effects in the gold-alumina composites. 

Nickel-hardened gold composite materials are well known and widely used for 

electrical contact materials, most commonly in macro-scale electrical switches and 

breakers. Alloys of Au-Ni have been investigated previously for low-force electrical 

contacts [16,64]. The advantage of nickel is that its electrical resistivity is only about 5 

times greater than gold, unlike alumina or titanium nitride, whose resistivities are many 

orders of magnitude higher than gold. Even for a very low gold percentage composite, the 

composite film resistivity should remain in the range of nominally metal contacts for the 

Au-Ni films. The potential risk associated with nickel is the possibility of material 
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segregation and surface oxidation of the nickel, creating an insulating film on the surface 

of the gold. 

A concern with composite material co-deposition is the scalability of the deposition 

process with regard to large-volume device fabrication. Pulsed-laser deposition is a 

versatile and powerful technique for deposited very specific thin-film structures. 

However, PLD is costly and does not scale well for large-scale deposition schemes used 

in an industrial setting. Physical vapor deposition (PVD) techniques, such as RF-

magnetron sputtering, are capable of producing thin-film composites similar to PLD-

produced materials, but at a lower cost and scalable to large-volume device production 

[82]. However, the difference in the final resulting film between PLD and PVD 

techniques are not substantial, as both techniques involve the physical impingement of 

atomic species onto the coated target. 

TEM Imagery 

Figs. 5-11 through 5-13 show cross-sectional TEM images of three different PLD 

Au-Al2O3 films, with 90%, 50%, and 20% gold volume percent. The first TEM image of 

the 90% gold composite shows very subtle changes in the 50 nm thickness of the PLD 

film. The grain structure of the evaporated gold substrate is slightly larger than that of the 

PLD film deposited on top of it. The 50% gold composite shown in Fig 5-12 shows 

significant change in grain structure between the composite film and the gold substrate. A 

definite boundary between the substrate and composite film is beginning to form. Three 

stratified layers can also be seen in the film. In Fig. 5-13, the 20% gold film is starkly 

different from the gold substrate underneath. Columnar grain structure and a very defined 

boundary between the composite and substrate are visible. 
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Figure 5-11. TEM image of 90% gold, Au-Al2O3 PLD composite 

 

Figure 5-12. TEM image of 50% gold, Au-Al2O3 PLD composite 
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Figure 5-13. TEM image of 20% gold, Au-Al2O3 PLD composite 

Experimental Results 

Experimental investigation of these films was performed using the ECR nano-

indenter described in Chapter 3. A normal load of 100 μN was applied while 1 mA of 

current was sourced with a 1 V compliance limit set. Figure 5-14 shows the normalized 

results of the three different types of PLD composite coatings, Au-Al2O3, Au-TiN, and 

Au-Ni. Each resistance and pull-off data point is averaged from 10 repeated contacts. The 

mean normalization values for resistance and pull-off force were 533 ± 7 mΩ and 253 ± 

36 μN, respectively for a baseline gold-gold contact. The variability of the resistance and 

pull-off force results originated from changes in the contact, as the experimental 

uncertainty for the electrical measurement and force measurement was ± 0.9 mΩ and ± 1 

μΝ, as determined from Table 3-1. It is apparent from Fig. 5-14 that large increases in 

resistivity were realized with modest increases in filler volume percentage. Also apparent 

is that the trade-off between increased composite resistivity and decreased pull-off force 
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was not directly related. Almost an order of magnitude reduction in pull-off force was 

achieved for the 50% gold films without a similar magnitude increase in composite 

resistivity. 

 

Figure 5-14. Normalized PLD composite film electrical contact resistance and adhesive 
force nano-indentation results 

Further experimental investigation of the electrical percolation threshold in Au-

Al2O3 composites was performed with similarly produced PLD films. Starting with pure 

gold, additional PLD film samples with incremental additions of 7.5 % alumina were 

created to provide more compositional resolution than what is seen in Fig. 5-14. The 

results of the additional testing is shown in Fig. 5-15. Pure PLD gold resistance was 637 

± 10 mΩ at 100 μN normal load and 1 mA current, higher than the 533 mΩ resistance of 

the PLD films tested in Fig. 5-14.  As the gold film percentage decreased, the resistance 
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increased slightly until a gold percentage of 40 % was reached. For film compositions 

less than 40 % gold, the resistance increase began to accelerate until at 5 % gold the 

measured resistance was over 200 kΩ. The GEM equation fit to the data is also plotted 

Fig. 5-15. A percolation threshold of 16 % gold and a t  exponent of 1.05 was determined 

by a GEM equation fit to the experimental data. The additional data supports the results 

shown in Fig. 5-14 and suggests that  for PLD Al2O3 films a gold percentage of 50 % or 

higher will not detrimentally affect contact resistance for applied loads of 100 μN. 

 

Figure 5-15. Resistance of PLD Au-Al2O3 composite films 

Composite Current Flow Simulation  

To gain insight as to the effects of filler on the electrical transport within a low-

force metal contact, the 3-D current calculator shown in the Chapter 4 was used to 
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simulate how the introduction of a high-resistivity phase affected bulk resistivity. Figure 

5-16 shows the current maps for each successive layer of a 50% gold percentage 

composite. Moving from left-to-right, the most energetically economical pathway 

through the film is no longer normal to the image. The current disperses as it tries to find 

the most conductive pathway through the film. The increased distance traveled by the 

current through the material, as well as the increased probability to encounter a high-

resistivity phase as the percolation threshold is approached, increases the resistivity of the 

composite. 

The advantage of using the 3-D contact current computer simulation is that many 

different scenarios can be explored that would be prohibitively expensive and time-

consuming to investigate experimentally. Figure 5-17 shows the results of 3,750 

simulations of randomly distributed composites, similar to Fig. 5-16, for the same contact 

area shown in Fig. 4-22. For 30 different gold percentages in Fig. 5-17, 25 repeated 

simulations were run for 5 different resistivity values of the less conducting phase. The 

error bars shown in Fig. 5-17 represent the standard deviation from the mean for the 25 

simulations at each gold percentage. 

The percolation threshold shown in Fig. 5-17 in the randomly distributed composite 

simulations lies at a gold percentage of 33%, which corresponds to the theoretical critical 

filler percentage for a three-dimensional cubic array of filler sites [74]. As the high-

resistivity phase resistivity approaches the resistivity of gold, the magnitude of the 

change in composite resistivity at the percolation threshold decreases. The magnitude of 

the standard deviation from the mean also becomes smaller with reduced resistivity of the 

filler phase.  
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Figure 5-16. Current maps for a 50 % gold composite. The current starting in the upper 
left image, moving left to right, travels down through the bulk gold until it 
meets the contact constriction. After the current passes through the contact 
constriction, the current diffusively travels through the composite along the 
most energetically economic pathways allowed by the microstructure 

If the simulation in Fig. 5-17 is repeated for the largest high-resistivity phase 

resistivity with both a uniform random distribution and a graded random distribution of 

high-resistivity phase, the beneficial effects of grading the composite material become 

apparent. 
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Figure 5-17. Normalized composite resistivity for 3,750 total contact current simulations 
as a function of gold percentage and high-resistivity phase resistivity 

Figure 5-18 shows the difference between uniform and graded random 

distributions.. The difference between the uniform and graded random filler particle 

distributions is the probability of filler site population as a function of film thickness. For 

the uniform random distribution, the probability of a filler site being populated with a 

high-resistivity particle remains constant as the depth within the composite film  

increases. In the graded random distribution, the probability of a high-resistivity phase 

populating a filler site decreases with increasing composite depth away from the contact 

surface. The function used in Fig. 5-18 was ( ) ( )expfp t f t= − , where the probability of 

filler site population, ( )p t , was the product of the desired filler fraction at the interface, 



90 

 

ff , and a decaying exponential function of the depth moving away from the interface, t . 

The purpose of the non-uniform filler distribution is to maximize the amount of high-

conductivity phase in the sub-surface bulk while also maximizing the amount of harder, 

low-adhesion phase at the surface. Some gold must remain at the interface however as 

total coverage of the contact surface with high resistivity phase inhibits efficient current 

flow through the contact. 

 

Figure 5-18. Difference between uniform random and graded random distribution of 
high-resistivity phase filler particles as a function of depth away from the 
contact interface 

Figure 5-19 shows the simulation results for uniform random and graded random 

distributions. Also depicted in Fig. 5-19 is the series-addition and parallel-addition 

resistance mixing rules of Eq. (5-1). The effect of the graded random distribution is clear: 

the percolation threshold for the graded random distribution falls at 9 % gold versus 33 % 

gold for the uniform random distribution. The graded random distribution normalized 

resistivity was also lower than the parallel-addition mixing rule for gold percentages 

larger than the 9 % percolation threshold. Deposition kinetics may also affect where the 
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percolation threshold exists for composite films, as evidenced by the results for the Al2O3 

films shown in Fig. 5-15. The practical use of this result is that a highly conductive 

composite with low gold contents and a low adhesion interface may be deposited if 

sufficient attention is paid to how the constituent materials are distributed. 

 

Figure 5-19. Effects of high-resistivity phase distribution on percolation threshold for the 
uniform and graded random distribution. The gold percentage reflects the 
amount of gold at the interface which for the graded random simulation.
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CHAPTER 6 
DISCUSSION 

The experimental efforts and numerical simulation work summarized in the 

previous chapters have potential beneficial impact on the performance and reliability of 

future MEMS electrical contact devices. Generally, the creation of a low-adhesion, high-

conductivity electrical interface would be the ideal optimum for MEMS electrical contact 

devices expected to function for extended operational lifetimes. However, the knowledge 

of how to create such an interface and why a properly crafted interface would benefit 

MEMS devices has been heretofore lacking in the larger MEMS community. This work 

has assembled experimental techniques and numerical modeling efforts in order to 

provide an understanding of the underlying physics of MEMS electrical contacts and to 

guide the development of composite electrical contact materials for MEMS applications. 

The experimental efforts successfully demonstrated that a low-force mechanical 

testing apparatus could be combined with electrical contact resistance measuring ability 

to simulate MEMS electrical contacts. The integration of an electrical contact resistance 

measurement system with a nano-indentation apparatus did not exist previously, either as 

a commercially available product or earlier constructed testing platform. The developed 

testing capability, using bulk film material samples to evaluate low-force electrical 

contacts intended for MEMS applications, provided a time-efficient, low-cost alternative 

method to direct on-die device testing of candidate contact materials. This capability 
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allowed for rapid investigation of promising contact materials created by thin-film 

deposition. 

In parallel with the nano-indentation experimental apparatus, a MEMS electrical 

contact resistance test device was designed and fabricated to perform electrical contact 

material testing in a microsystem environment. The experimental device was successfully 

actuated and was capable of measuring the contact resistance of the interfacial contact 

area formed during actuation. The MEMS test vehicle also enabled cyclic testing of 

electrical contacts for cycle numbers many orders of magnitude  larger than achievable 

with the nano-indentation apparatus. The creation of the MEMS electrical contact 

resistance test vehicle produced a device-level testing capability for composite electrical 

contact materials deemed worthy of further investigation. The reduced size of the 

apparent area of contact in the MEMS device contact dimple also assisted in searching 

for evidence of degradation, such as contact sticking damage or surface contamination. 

The numerical modeling efforts merged two previously unconnected concepts: 

rough surface contact area modeling and three-dimensional random resistor networking, 

creating a computational simulation ability which allowed assessment of composite 

electrical contact performance in MEMS electrical contacts. The voxel-surface contact 

area modeling provided a straightforward estimation of interfacial area from real surface 

topographic data. The direct registration of surface topographies avoided the use of 

traditional contact area modeling assumptions, such as spherically-radiused asperities and  

normally-distributed peak asperity distributions, the use of which becomes tenuous at 

MEMS contact force levels. The use of a three-dimensional random resistor network to 

simulate the electrical resistance of a composite contact material correlated well with  the 
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experimental results of composite films for varying filler fractions. In addition to 

composite material electrical properties, the utility of random resistor network simulation 

of composite material transport behavior is also applicable to other physical properties 

such as thermal conductivity, through the use of thermal resistor elements, or mechanical 

deformation response, using linear spring elements [83].  

Both the experimental and modeling efforts established that multiple-phase 

electrical contact materials are promising for addressing failure modes in MEMS 

electrical contact applications. The large reduction in measured pull-off force was 

achieved without a similar magnitude increase in contact resistance extending up to filler 

fractions approaching the percolation threshold of the composite. The balance between 

conductivity and adhesion was due to the ability to create a film with the desired 

composite contact material phase ratio via thin film co-deposition methods. The co-

deposition of composite electrical contact material is also attractive because the 

technology exists within the larger framework of the device fabrication process.  

For example, during the fabrication of the MEMS electrical contact test device 

described in Chapter 3, the gold electroplate seed layer shown in Fig. 6-1 could 

incorporate a graded gold-filler distribution as the electrical contact interface between 

cantilever and signal line. The biphasic seed layer would not substantially affect the 

electroplating process layer since the composition of the film is predominately gold at the 

interface of the seed layer and electroplated material. Alternatively, the composite 

material could be deposited on top of the signal layer instead of the electroplate seed 

layer, but this would require an additional mask layer and deposition step in the MEMS 

fabrication process. 
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Figure 6-1. Potential composite material location in the MEMS electrical contact device 
fabrication process 

The main contribution of this work to the larger body of knowledge of MEMS 

electrical contacts is the elucidation of how composite electrical materials can enhance 

MEMS device performance by reducing metallic adhesion without unduly impacting 

contact resistance. The effects of including low-adhesion filler phases in a highly-

conductive gold matrix were demonstrated experimentally and simulated numerically. 

The key finding was that the ratio of high-conductivity to low-conductivity phases in the 

composite electrical material should remain larger than the ratio defined by the  

percolation threshold of the film structure. A composite material with a composition too 

close to the percolation threshold will experience a large increase in film resistivity that 

overshadows any modest decrease in the adherence of the interface. Figure 6-2 illustrates 

this point. If the composite film composition remains in the gold-rich region, incremental 

increases in film resistivity (and correspondingly contact resistance) remain modest as 
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gold percentage decreases. At the percolation threshold, small decreases in gold 

percentage cause large incremental increases in film resistivity.  

 

Figure 6-2. Regions of acceptable and undesirable resistance for gold-alumina 
composites approaching and beyond the percolation threshold 

Numerical modeling of potential composite electrical contact materials can assist 

the down-selection of candidates films for experimental testing in both nano-indentation 

and actual devices. The ability to computationally evaluate materials before expending 

substantial effort in sample fabrication and testing is a useful capability for MEMS 

designers concerned with improving electrical contact device performance and reliability. 
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CHAPTER 7 
CONCLUSIONS 

The main conclusions of this document are listed below. These points are the most 

notable ideas and concepts developed concerning composite electrical contact materials 

for MEMS applications. 

1. MEMS electrical contacts may be experimentally simulated using a combined low-
force mechanical test platform and electrical contact resistance measuring means. 
This capability enables rapid assessment of potential composite electrical materials 
for MEMS applications. Specifically, combined high-resolution measurements of 
contact force, displacement, and contact resistance provides insight into 
degradation processes and variation with changing contact conditions. 

2. An electrical contact resistance MEMS device was designed and fabricated to allow 
for microsystem testing of composite electrical contact materials. The design of the 
device removed the dependence of the electrostatic actuation force on the 
interfacial contact force and enabled cyclic testing of low-force metal contacts for 
cycle numbers much greater than attainable in nano-indentation testing. Also, the 
single contact dimple increased the likelihood of resistance degradation mechanism 
identification with surface analytical techniques, improving the ability to relate 
observed resistance changes to physical phenomena. 

3. The contact resistance of hot-switched, low-force metal contacts degraded rapidly 
in both nano-indentation and MEMS device settings. Hot-switched contact 
resistance in the electrical contact MEMS device degraded after a period of several 
thousand cycles, while the nano-indentation contact resistance degraded after 25-75 
cycles. The onset of the degradation was dependent on the voltage and current in 
the contact as well as the rate at the which the contacts closed (see Appendix A). 

4. The combination of rough surface contact modeling using real surface topography 
with electrical current simulation using a three-dimensional resistor network 
allowed for a numerical recreation of MEMS device composite material contacts. 
This methodology allowed for estimations of contact area size, contact resistance, 
interfacial adhesion, and contact temperature rise. 

5. The simulated results for low-force composite material device contacts 
demonstrated that composite materials near their percolation threshold quickly lose 
their conductivity and therefore their usefulness as electrical contact materials. The 
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experimentally measured contact resistance of pulsed-laser deposited composite 
films also showed a strong dependence of film conductivity on filler percentages  
near percolation threshold. Functional composite electrical contact materials must 
be created with high-conductive phase percentages sufficiently removed from the 
percolation threshold, at least 10 to 20% more conductive phase than at the 
percolation threshold. 

6. Thin film co-deposition methods, such as pulsed-laser deposition or physical vapor 
deposition sputtering, afford large control over the selectable composite constituent 
phase materials as well as the deposited phase distribution within the composite. 
The capability to tailor the contact material composition is a useful ability in the 
fabrication of microsystem electrical contacts. 

7. The selection of a highly-conductive filler phase, over a less-conductive filler 
phase, reduces the severity of the percolation threshold penalties on the composite 
conductivity for filler percentages near the percolation threshold.  

8. The distribution of the filler particles in the gold matrix affected the location of the 
percolation threshold. Numerical simulation found that by using a graded 
distribution of filler particles with respect to the contact interface instead of a 
uniformly random through-thickness distribution reduced the minimum gold 
percentage by a factor of two. The critical concept is that conductive channels must 
exist through the film, otherwise the current will be unable to percolate through the 
low-conductivity phase and the overall film conductivity will be severely reduced. 
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APPENDIX A 
HOT-SWITCHED ELECTRICAL CONTACT RESISTANCE DEGRADATION 

Carbonaceous Surface Contamination Effects  

Hot-switched electrical contact resistance testing of a metal coated sphere-on-flat 

geometry was performed using a modified nano-indentation test platform. The 

experimental objective was to examine how hot-switched cyclic contact affected the 

contact resistance and adhesion of low-force metal contacts indicative of MEMS 

electrical contacts. The test conditions mimicked the contact geometry and contact load 

of a silicon-micromachined environmental sensing switch. The electrical contact 

materials in the experiment matched the materials in the MEMS device.  

 Schematic diagrams of the experimental apparatus and contact zone are depicted 

in Fig. A-1. The apparatus measured the force applied to, and displacement of, the 

sphere, while simultaneously recording the resistance determined from the voltage drop 

measured across the contact. The source voltage established across the contact was set to 

3.3 V, the operational specification of a MEMS environmental-sensing switch. Instead of 

using a source-meter to simultaneously supply current and measure  contact voltage drop, 

a current-limiting potentiometer with a range of 1-200 kΩ was used to limit the 

maximum amount of current in the circuit, similar to a voltage-divider. 
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Figure A-1. Schematic of the nano-indentation apparatus and the contact zone used in 
hot-switched cyclic contact testing 

The sphere contact samples were 3.2 mm diameter Cerbec Si3N4 balls. The spheres 

were sputter-coated with a 100 nm thick titanium adhesion layer followed by a 1000 nm 

gold contact layer. Silicon wafer flats were sputter coated with a mixed titanium-titanium 
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nitride adhesion/barrier layer that was 120 nm thick. The adhesion/barrier layer 

deposition started as pure titanium. Then nitrogen was gradually admitted into the 

chamber to form a reactively-sputtered titanium nitride layer. The nitrogen concentration 

was then gradually reduced until pure titanium was again deposited on the surface. 

Lastly, a 200 nm thick platinum contact layer was deposited. Before experimental testing 

the contact surfaces were cleaned with an ultrasonic acetone wash, followed by an 

ultrasonic methanol wash, and then a post-wash UV-ozone clean to remove any bulk 

contaminants. 

 The as-deposited root-mean-square roughness of the spheres and flat contact 

samples were measured by white-light interferometry to be 15 nm and 3 nm, respectively, 

and were reproduced over all samples tested. The stainless steel and Pyrex environmental 

enclosure isolated the area immediately around the contact and attained an oxygen 

concentration of 3 ppm when filled with flowing nitrogen. Otherwise, laboratory air 

experiments were run in a class 1,000 clean room at 22±3° C and 30±10% relative 

humidity. 

 Figure A-2 is an example of a single contact cycle, in this case the first contact 

cycle for the Au-Pt contact pair. The coated sphere and flat were brought into electrical 

contact at a constant load rate until a maximum target mechanical load of 150 μN was 

reached. The maximum load was held for several seconds for an averaged measurement 

of contact resistance at peak load. Then, the contact was unloaded at the same rate until 

the surfaces separated, denoting the amount of adherence force required to complete 

surface separation. Force, displacement, and resistance were sampled at 5 Hz throughout 
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the contact cycle. This cycle would be repeated many times at the same location to 

investigate changes of contact resistance and adhesion behavior with cyclic contact. 

 

Figure A-2. Single hot-switched experimental contact cycle 

Figure 3 is a plot of the average contact resistance at peak load and pull-off force as 

a function of cycle number for a Au-Pt contact couple tested in laboratory air. Initial tests 

resulted in an averaged contact resistance of 930 ± 20 mΩ for a  force level of 150 μN 

with an initial pull-off force of 45 μN. The experimentally measured resistance was 

larger than the predicted resistance using a simple plastic contact model given by Holm, 

( )/ 2 /( )nR F Hρ π= , suggesting that the metal surfaces were covered with some 

contamination. This initial resistance remained roughly constant until cycle 20, at which 

point the resistance rapidly increased by many orders of magnitude to a highly degraded 

resistance level. 
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Figure A-3. Cyclic electrical contact resistance degradation of Au-Pt contact 

 An examination of Fig. A-3 shows the onset and magnitude of the resistance 

degradation in laboratory air. The resistance trend in Fig. A-3, a sharp increase in 

resistance that approaches an asymptotic value, is very similar to the results of Neufeld  

who concluded that the formation of carbonaceous surface contamination was the cause 

[62]. The actual pull-off force decreased from 45 μN at the first cycle to an average of 7 

μN from cycle 10 to the end of the experiment, which is close to the detection limit of the 

apparatus. The decrease of pull-off force combined with the increased contact resistance 

suggested that the contact surfaces were becoming covered with non-metallic species that 

were inhibiting electrical conduction and decreasing the adherence of the contacts. 

 Inert environment combined with reduced-current tests were performed to 

ascertain the sensitivity of the contamination to different environments and electrical 

loads. These results are shown in Fig. A-4. Reduced current tests were run in both inert 

and laboratory environments at maximum electrical currents of 3 mA, 300 μA, and 

30 μA. Resistance degradation occurred within 75 cycles at 3 mA and 300 μA currents in 
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laboratory air, but was not seen for up to 200 cycles for 30 μA of current regardless of 

environment. Figure 4 shows that as the relative isolation of the contact from the 

laboratory environment increases, the contact resistance degradation decreases in 

magnitude. Reduced current test results established that there is also a current threshold 

below which the onset of degradation is eliminated or significantly delayed. 

 

Figure A-4. Inert environment and reduced current testing 

 The composition of the ambient air and controlled environment chamber was 

analyzed using an automated thermal desorption/gas chromatography/mass spectrometry 

(ATD/GC/MS) system. The purpose of the analysis was to determine the abundance of 

hydrocarbon species surrounding the contact zone in the two environments. Sampling 

results of the gaseous environment inside the flowing-nitrogen chamber showed a four 

order-of-magnitude reduction in measured hydrocarbon content versus the ambient 

laboratory air environment. That difference correlates with the change in the resistance 

degradation from air to nitrogen environments seen in Fig. A-4. The largest source of 
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hydrocarbon contamination in the flowing nitrogen environment originated from the 

plastic tubing used to connect the environment chamber to the nitrogen source. 

 Figure A-5 shows the cyclic resistance for a current of 3 mA in an inert nitrogen 

environment. The contact resistance values were the average over the time period at peak 

load, per each cycle as depicted in Fig. A-6. It appeared that a somewhat conductive 

contamination layer evolved with repeated contact in Fig. A-6. The layer grew until 

between cycles 60 and 75, when a higher steady-state resistance was achieved. At cycle 

198 the maximum load was increased to 1 mN and the contact resistance returned to the 

initial values, implying that the contamination layer was breached by the added force. 

When the maximum load is reduced back to 150 μN in subsequent cycles, the resistance 

returned to its higher value. 

 

Figure A-5. Cyclic resistance degradation for inert environment testing with momentary 
increases in peak load to 1 mN for cycles 198-208, up from 150 μN for all 
other cycles 
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Figure A-6. Resistance vs. time for individual contact cycles from Fig. A-5 with the grey 
area denoting the peak-load hold period 

 An alternate hypothesis is that upon application of a higher load, fresh non-

degraded asperities are being brought into contact. These new contacts are then 

responsible for the lower contact resistance, not the rupture of a contaminant layer. 

However, for the cycles immediately following the increased load cycles when the load is 

returned to 150 μN, the resistance does not instantaneously return to the degraded state as 

it would if the original asperities were permanently degraded. Instead, several contact 

cycles are required for the resistance to return to the degraded state. Presumably, the 

process that created the surface layer re-contaminated the contact sites over several 

cycles. Figure A-7 shows magnified views of cycle 1 and cycle 200. The applied force 

required in cycle 200 to obtain a similar resistance to cycle 1 is approximately 20 times 

larger than the applied force in cycle 1. 
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Figure A-7. Magnified views of cycle 1 and cycle 200 from Fig. A-6 showing the amount 
of force required to obtain low resistance for non-degraded and degraded 
contacts 

The experimental results suggest that a load-bearing contaminant film was formed 

by repeated hot-switched electrical contact. A possible contaminant creation mechanism 

involves the production of non-conductive carbonaceous surface films in the presence of 

low-energy contact arcs. Sub-micrometer gap arcing has been proposed to cause 

breakdown due to field emission currents in contacts where conventional atmospheric 

breakdown is not possible [84]. These arcs exist below the predicted level of breakdown, 
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as obtained from Paschen’s law, but still provide an energetic stimulus at moments of 

close surface contact to create non-conductive carbonaceous surface films. These 

conclusions were also drawn by Wallash who studied the effective ranges of different arc 

phenomenon using an etched metal microscale test apparatus [85]. Alternatively, metal-

bridge evaporation on contact break can pyrolyze surface contaminants into insulating 

layers and precipitate resistance degradation. While the steady-state current in the contact 

was constant during contact, the current in the separating metal bridge originating from 

transient inductive voltage spikes is sufficient to rupture the  bridge and energetically 

decompose carbonaceous species in the immediate vicinity of the contact. Repeated 

occurrence of this process would eventually eliminate any conductive pathway between 

the surfaces and cause the resistance of the system to be governed by the surface 

contaminates. Compared to the conductivity of bulk metals, this contaminating process 

would lead to a degraded contact resistance. 

 Transient arc phenomena have long been recognized as problematic to hot-

switched electrical contacts for large-scale contact devices. Gray analyzed degraded 

switch contact surfaces retrieved from operational telecommunication environments and 

compared them to similar contacts degraded experimentally [86]. The combined presence 

of carbonaceous surface contamination and contact arcing produced non-conductive 

surface films. Also, the production of surface contamination enhanced arcing processes 

on subsequent cycles, thereby further accelerating degradation of the contact resistance. 

This feedback process was referred to as “contact activation”. The arc-initiated 

production of an insulating SiO2 film from adsorbed silicone vapor in micro-relays was 

examined by Tamai whose results bear a strong resemblance to the trends observed in 
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this work, although carbonaceous contamination is suspected in the present case. The 

dependence of resistance degradation on electrical power was also investigated in [87]. 

Smaller amounts of electrical power altered the arcing mechanism and enabled longer 

non-degraded cycle times. This trend is consistent with the results of this study showing a 

current-dependent resistance degradation. The mechanical load is also an important factor 

that changes the onset of degradation for low-power contacts where contaminant 

production is present. Therefore, the proposed explanation for the observed resistance 

degradation is that in the presence of low energy arcs, load-supporting insulating films 

are formed from adsorbed contaminants at the contact surfaces, which impede 

conduction. At some critical contamination threshold, the electrical contact interface 

becomes completely covered, causing a sudden and large increase in resistance. Further 

experiments examining the dependence of hot-switched contact resistance on arcing were 

performed to support this hypothesis. 

 Figure A-8 shows the results of cold-switched vs. hot-switched contacts for the 

Au-Pt contact. For the first 150 cycles of the cold-switched contact, the voltage was 

manually switched on just as the peak load was reached and switched off as the load 

began to decrease from the peak value. The measured resistance did not increase at all 

during this cold-switched period. The contact was then hot-switched by leaving the 

voltage supply on after cycle 151. The resistance degraded in a similar period to previous 

hot-switched tests, indicating that the presence of voltage bias at moments of close 

surface contact is the likely source of the observed degradation.  Furthermore, if the 

contact resistance degradation was indeed caused by arc events at moments of close 
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surface proximity, then similar experiments using a modified experimental circuit, which 

is designed to specifically suppress arcing, would confirm this hypothesis. 

 

Figure A-8. Dependence of resistance degradation on hot-switched contact 

 Holm describes how a “capacitive-quench” circuit can alleviate the detrimental 

effects of voltage transients at moments of surface contact [33]. The capacitive-quench 

circuit consists of a resistive and capacitive element in series, which is placed in parallel 

to the contact. As the current-carrying contact surfaces suddenly separate, any inductance 

in the non-quenched circuit will act to maintain current flow by increasing the voltage 

across the contacts. The arc-quenching RC circuit element allows for an alternative 

discharge path, effectively robbing the energy available for arc formation in the gap. 

 Figure A-9 shows the contact resistance versus cycle for hot-switched contacts 

with and without the capacitive quench circuit in parallel to the contact. The values used 

for the resistor and capacitor were 1000 Ω and 0.1μF, respectively. It is apparent that 
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when the capacitive quench circuit was removed from the circuit the contact resistance 

degraded as in the previous hot-switched tests. 

 

Figure A-9. Dependence of resistance degradation on capacitive-quench presence 

 Oscillograms supporting this arc-quenching hypothesis are shown in Fig. A-10. 

The cycles where the capacitive quench circuit is in parallel with the contact have few, if 

any, voltage transients at the moment of contact make and break. As soon as the quench 

is removed at cycle 150 the number of voltage transients increases. The difference is 

especially significant at contact break, where no transients were observed at all from 

cycles 1 to 149. From cycle 150 on, the number and frequency of the voltage transients, 

now attributed to arcing, increases rapidly along with the degrading contact resistance. 

These results provide sufficient evidence that the contact resistance degradation was 

caused by transient electrical arc events at the instances of contact make and break. 

Specific examination of the relative importance of contact make-arc and break-arcing 

was not performed. 
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Figure A-10. Oscillograms showing the change in voltage transients at moments of close 
surface contact after capacitive-quench circuit is removed 

 The hypothesis of micro-arc induced contaminant growth correlated very well 

with the observed experimental trends. However, it was not possible to directly correlate 

observed surface contaminants to the exact area of contact in these bulk-film 

experiments. For the experimental conditions and materials, a simple contact size 

calculation using Hertzian elastic-contact theory placed an upper-bound on the contact 

spot diameter at roughly 2 μm. Surface roughness effects further reduced the size of the 

contact area and hindered detection of the exact points of contact on a large, bulk contact 

sample. 
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 However, post-test examination of several test surfaces showed large, blackened 

regions on the contact surfaces, similar to that witnessed by Tamai [87]. The AES spectra 

and accompanying SEM of the analyzed regions is shown in Fig. A-11. Auger Electron 

Spectroscopy (AES) examination of the large blackened region (Point 2) showed almost 

pure carbon in these spots. The spectra for a nominally un-contaminated surface location 

(Point 1) showed trace contaminants like sulfur and carbon, as well as the contact metal 

platinum. The observation of blackened carbon residue on the post-test surfaces was 

supportive of the hypothesis of decomposed carbon species during hot-switched 

operation, but until the contact surfaces can be directly analyzed before and after testing, 

such as in a MEMS electrical contact device, further work is required to definitively link 

the formation of carbon to the measured resistance degradation. 

 

Figure A-11. Auger Electron Spectra of suspected contamination region and of the 
surrounding metal surface 
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Silicone Oil Contamination Effects 

The presence of silicones in electronic equipment is a well known source of  

electrical contact contamination in switches and relays [88]. Silicone oil, or dimethyl 

silicones, is the name given to a family of synthetic polymers composed of a repeating Si-

O backbone and carbon-linked side-groups, expressed by the chemical formula 

[(CH3)2SiO]n. Despite the beneficial properties of silicones, such as chemical stability 

and friction reduction of sliding contacts, their presence has been shown to impair the 

performance of electrical contacts through insulating surface film formation and 

accumulation. This insulating film is produced by the energetic decomposition or 

oxidization of surface-adsorbed silicone oil and is composed of SiO2 or amorphous 

carbon [87]. These compounds are electrically insulating and greatly impair the 

conductivity of  contact interfaces. The origins and effects of silicone oil contamination 

originating from evaporation or direct surface diffusion has been extensively studied on 

macro-scale electrical relays [89-90]. Hot-switching, or making and breaking electrical 

contact with potential bias present, promotes silicone oil decomposition due to the 

presence of electrical arcing between contacts. The effects of hot-switching on electrical 

contact resistance degradation has also been investigated [90]. 

 While there have been numerous studies investigating the effects of silicone oils 

on macro-scale switches and relays, the impact of silicone oil contamination on low-force 

electrical contacts, as in MEMS, has not been previously studied. It is expected that the 

effects of insulating film formation will be magnified in MEMS electrical contacts as the 

surface forces present are several orders of magnitude less than in the electrical relays 

studied previously [89]. The effects of silicone oil contamination on hot-switched gold 

contacts at forces representative of  MEMS devices was investigated experimentally. The 
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dependence of contact closure rate and applied electric field on observed resistance 

degradation was also investigated. 

Low-force electrical testing of self-mated gold surfaces was performed using the 

modified nano-indentation apparatus described above. All experiments were performed 

inside the stainless steel and Pyrex environmental enclosure that isolated the area 

immediately around the contact. The atmosphere inside the enclosure attained an oxygen 

concentration of 3 ppm when filled with flowing nitrogen. In all tests, a Si3N4 sphere, 

having a nominal radius of 0.8 mm and sputter-coated with 500 nm of gold metal, was 

brought into contact with a silicon wafer, also sputter-coated with 500 nm of gold, until a 

maximum target load of 100 μN was reached. The measured r.m.s. surface roughness of 

the spherical and flat contacts were 11.6 nm and 3.2 nm, respectively. The electrical 

circuit was run with a maximum sourced current of 3 mA and a non-contact voltage 

constrained to 3.3 V. 

Before the onset  of hot-switched contact experimentation, a 2 μL volume of 10 

cSt. silicone oil (Dow Corning DC200) was deposited into the gap upon the spherical 

contact as pictured in Fig. A-12. This amount of silicone oil served to fully coat the 

electrode surfaces during cyclic contact. The oil spot was inspected after each experiment 

to ensure the silicone oil was still present within the contact zone, and in all tests it 

remained in excess. 

The electrical contact resistance behavior for repeated contact in the same location 

for gold-gold contacts compared to those containing silicone oil is shown in Fig. A-13. 

Each data point in Fig. A-13 is composed of the contact resistance averaged for five 

seconds while the load is held at the peak value. For the silicone oil contaminated 
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contact, the peak-load resistance increased almost 10 orders of magnitude within 25 hot-

switched contact cycles. The uncontaminated contact did not experience an increase in 

measured resistance over the same number of contact cycles. The degradation onset seen 

in Fig. A-13 was reproducible over a range of ±10 contact cycles for the same 

experimental conditions. The onset variability stemmed from surface roughness effects 

on contact between differing coated sphere and flat samples. 

 

Figure A-12. Schematic of the contact zone with silicone oil introduced between the 
electrodes 

 

Figure A-13. Resistance degradation of silicone oil contaminated gold-gold contact 
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The resistance-time history of contact cycle number 14 taken from Fig. A-13 

(occurring just prior to the sharp resistance increase) is shown in Fig. A-14. While the 

peak-load, averaged contact resistance in Fig. A-14 appears to be non-degraded, 

examination of the resistance change with contact force prior to peak loading exhibited 

resistances of 100 Ω and greater. The resistance decreased below 10 Ω only after the load 

surpassed approximately 90 μN. With increased numbers of contact cycles, the peak-load 

resistance minimum decreased in width until the periods of increased resistance 

continuously spanned the contact force-time history. Once this occurred, the peak-load 

contact resistance exhibited a sharp increase as seen in Fig. A-13. 

 

Figure A-14. Resistance and load history for contact cycle 14 from Fig. A-13 

The dependence of the contact resistance degradation on contact closure rate was 

also investigated. The cyclic contact experiments were repeated using the same 

conditions, except that the rate at which the surfaces come into contact was varied. The 

results of the contact closure rate variation is shown in Fig. A-15. It is clear from Fig. A-

15 that the slower the electrodes come together, the more rapidly the contact resistance 

increased. Figure A-16 shows the dependence of the resistance degradation on the 
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potential bias across the contact gap for a fixed closure rate. By simply reducing the 

open-circuit voltage to 1 V, the degradation was not observed within 100 closures, while 

a 10 V bias resulted in almost immediate degradation. 

 

Figure A-15. Resistance degradation dependence on gap closure rate for an applied 
voltage of 3.3 V 

 

Figure A-16. Resistance degradation dependence on contact gap voltage for an approach 
rate of 86 nm/s 
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Most often, the reason for hot-switched contact failures is arc damage that 

destructively alters the electrode surfaces. This arcing occurs predominately at voltages 

higher than those used in MEMS electrical contact devices, on the order of hundreds of 

volts. However, other investigators suggest that non-contact voltage levels thought to be 

safely underneath the atmospheric ionization threshold referred to as the Paschen Law 

limit, may also negatively affect electrode surfaces through an arcing process similar to 

vacuum breakdown [84]. Instead of the non-linear Paschen Law contact gap-voltage 

relationship, the voltage breakdown threshold in this process for gaps less than 6 μm has 

been experimentally determined to be proportional to the gap distance, shown in Eq. 

(A.1) [91]. This equation allows for an estimate to be made of the contact gap distance at 

which electrical transient activity will begin to affect the contact surfaces for a given 

electrode bias. The conservative value assigned to K  based on the measured data was 

110 V/μm [91]. 

 BD gapV K d= ×  (A.1) 
The hypothesized degradation mechanism responsible for the behavior seen in Fig. 

A-13 is the decomposition of surface contaminants into insulating compounds by field 

emission current excitation, occurring during times of close surface proximity where the 

electric field is largest. Significant non-contact field emission currents, on the order of 

milliamps, have been experimentally measured in 5 nm - 5 μm gaps for sub-Paschen limit 

voltages [85]. An expression for the field-emission current is shown in Eqs. (A.2-A.3) 

[85]. 

 
( )3/ 2

2 exp BI AEFE E
φ⎛ ⎞−⎜ ⎟=

⎜ ⎟
⎝ ⎠

 (A.2) 
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 VE
d

β
=  (A.3) 

The variable φ  is the material work-function and E  is the electric field in the 

contact gap. The electric field is a function of the applied voltage V , the gap distance d , 

and the constant β  which is a geometrical field enhancement factor that includes surface 

roughness effects on local field strength. The constants A  and B  are ( )66.2 10 /x a φ−  

and ( )9 3/ 26.67x10 φ , respectively, where a  is the electron emitting area. A more 

thorough explanation of the quantities contained in Eq. (A.2-A.3) is given by Slade [84] 

and Wallash [85]. 

Equations (A.2-A.3) neglect any influence of the silicone oil on the electric field or 

field-emission current. However, Eqs. (A.2-A.3) are still useful in examining the trends 

seen in Figs. A-15 and A-16. The electric field at very small gap distances can be on the 

order of 10 MV/cm or higher. A large electric field would create a large field emission 

current in the contact gap, similar to a column of ionized gas molecules in atmospheric 

arcing. However, if the contact gap can be quickly closed, the time the electrode surfaces 

spend within the “critical” gap distance where field emission currents become significant 

will be decreased, limiting the degrading effects on the silicone oil. 

Fig. A-17 shows the number of cycles for the measured contact resistance to 

become greater than 50 Ω, plotted against the time at which the contacts are within the 

critical gap distance  of 30 nm for an applied voltage of 3.3 V. The 50 Ω limit was chosen 

as a value above which the contact was completely degraded by a contaminant film for 

the maximum load applied in the experiment. 
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Figure A-17. Cycles to failure (R >  50 Ohms) dependence on time spent in the “critical” 
gap distance of 30 nm 

Figure A-18(a-d) shows oscilloscope traces for the first contact cycle at each of the 

respective rates. The time for which electrical transient activity is present in each 

oscillogram is related to the calculated time that the contact spends within the critical 

gap. These electrical transients, in this case field emission current-induced arcing, are 

hypothesized to be energetically decomposing the silicone oil into insulating surface 

products. The more time the contaminated surfaces are exposed to these transients during 

contact make and break, the more quickly the contact resistance will degrade due to 

interfacial contaminants being formed. Also plotted in Fig. A-18 is the calculated gap 

distance as a function of time, based on the closure rate. Within the “critical” gap 

distance of 30 nm, the measured transient activity period corresponds well with the 

amount of time the contact surfaces spend within the gap distance. The true gap distance 

varies around this calculated value due to mechanical vibration and oscillation of the 

spherical contact as it approaches the flat. The non-contact vibration-noise amplitude of 

the nano-indentation apparatus was measured to be less than 5 nm. 
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Figure A-18. Oscillograms of contact voltages at closure rates of 400 to 40 nm/s 

The formation of surface contaminant layers suggests that the resistance 

degradation process would be affected by increasing contact force, as any interposed 

contaminant materials would mechanically rupture as contact force was increased. Figure 

A-19 shows the effect of increasing contact load after degradation has occurred for the 

experiments shown in Fig. A-16. The amount of load required to regain metallic contact, 

denoted by a return to 1 Ω, increases with increasing applied voltage. This suggests that 

at higher electric fields, decomposition occurred more rapidly creating a thicker layer, 

and more mechanical deformation was required is break through the contaminant layer. 

This effect is detrimental considering that MEMS devices can only apply a limited 

amount of contact force, and therefore at some point are unable to break through 

contaminant layers. 
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Figure A-19. Mechanical load required to attain at least 1 Ω after degradation occurred 
(zero load required at 1 V since no degradation occurred) 

 Surface analysis of post-degradation decomposition products was attempted using 

Auger Electron Spectroscopy (AES) and Time-of-Flight Secondary Ion Mass 

Spectrometry (TOF-SIMS) to ascertain the composition of the insulating layer. However, 

unlike the insulating layer formation witnessed in other studies, the products formed 

during low-force contact were either too small to be visually located, or were removed 

during cleaning of the excess silicone oil to permit surface analysis [87]. Subsequent AES 

and TOF-SIMS analysis of the location where contact was suspected showed traces of 

silicone oil, but no SiO2 or other reaction product. 

Like all surface contamination, the presence of silicone oil in dynamically 

operating MEMS electrical contacts should be minimized to prevent degradation and 

extend operational device life. This is challenging give the mobility of silicone oil in both 

the vapor and liquid phase, allowing for even small amounts of silicone oil to migrate to 

contact surfaces inside an otherwise clean environment. The rate of contact closure 

determined the period during which the contact surfaces are subjected to high electrical 
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fields. The faster the operation, the more cycles required for silicone oil degradation to 

occur. It is possible that through sufficiently rapid actuation, the critical gap distance may 

be traversed while allowing minimal transformation of surface contaminants. However, 

hot-switching real MEMS devices in the presence of bulk fluid will be limited by fluid 

decomposition to some degree. Similar to the contact closure rate, the applied voltage 

across the contacts influenced the onset of degradation. Lower applied voltages extended 

operational lifetime, and in one case eliminated degradation for the duration the of 

testing. The degradation products formed were mechanically displaced with increased 

contact force. Overall, it is clear that the combination of silicone oil and low-force 

MEMS electrical contacts  presents a challenge to designers aiming for extended, non-

degraded device lifetimes. 
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APPENDIX B 
MODIFIED NODAL ANALYSIS 

The mathematical technique used to solve for the current and voltage distributions 

within a random resistor network is called Modified Nodal Analysis (MNA). The 

application this technique can be summarized as follows for a circuit with n nodes and m 

voltage sources [92]: 

9. Select a reference node (usually ground) and name the remaining n-1 nodes 
accordingly. 

10. Assign a name to the current passing through each voltage source. 
11. Apply Kirchoff’s current law to each node. 
12. Write an equation for the voltage supplied by each voltage source. 
13. Solve the system of equations for the n-1 unknown nodal voltages. 
 
 

When MNA is applied to a circuit network with only passive elements (resistors) 

and independent sources, the resulting system of equations is shown in Eq. (B.1). 

 Ax z=  (B.1)  
The A matrix is ( ) ( )n m n m+ × +  in size and is composed of only known 

quantities. The ( )n n×  region in the upper left of A is populated only with passive 

resistances. In this region, resistors connected to ground appear only on the diagonal 

whereas elements not connected to ground appear in both the diagonal and non-diagonal 

terms. The rest of the A matrix is composed of values that are 1, 0, or -1. These values are 

for relating which nodes are connected to sources and whether those sources are 

connected to ground.  
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The x matrix is a ( ) 1n m+ ×  vector that contains the unknown nodal voltages and 

the currents passing through the independent voltages sources. The top n elements are the 

nodal voltages while the bottom m elements are the currents. The z matrix is a ( ) 1n m+ ×  

vector that holds only known quantities. The top n elements are the sum of the any 

current sources, while the bottom m elements are the voltage sources present in the 

network. 

The circuit network is solved by simple matrix inversion shown in Eq. (B.2). 

 1x A z−=  (B.2) 
After the solution of Eq. 2, the voltage at each node is known as well as the total 

current supplied by the supply. From this the current distribution within the network can 

be calculated as well as the total resistance of the network. This method is very methodic 

and highly amenable to computerization. It is because of  this that MNA was chosen to 

compute the electrical resistance of a composite medium, with the ultimate goal being to 

investigate how the compositional variations affected performance of MEMS electrical 

contacts. 

The use of MNA to solve for the electrical resistance of the composite is very 

similar to using the finite-element method (FEM) in solid or fluid mechanics. Each node 

is connected to its neighbor nodes by a resistor. The application of MNA to solve for the 

nodal voltages and supply current is straightforward. The A matrix in Eq. (B.2) is 

composed of four sub-matrices, shown in Eq. (B.3). 

 
G B

A
C D

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
 (B.3) 

The G matrix, also called the conductance matrix, is ( )n n×  and is determined by the 

interconnections between resistors. The B matrix is ( )n m×  and is determined by the 



127 

 

connection of the voltage sources. If only independent sources are present, the C matrix is 

simply the transpose of the B matrix. The D matrix is ( )m m×  and is a zero matrix if only 

independent sources are present. 

The creation of the G matrix is performed using the following steps: 

Each element in the diagonal of G matrix is the sum of the conductance (1/R) of each 
resistor connected to the corresponding node. The first diagonal element would 
therefore be the sum of all of the conductances connected to node 1, and so on 
through all n nodes. 

14. The off-diagonal elements are the negative conductance of the element connected 
to the pair of corresponding nodes. A resistor between nodes 1 and 2 is entered into 

the G matrix at location (1,2) and (2,1) as a value of 
( )1,2

1
R

− . 

 

The B matrix is composed only of 0, 1, and -1 elements. If the positive terminal of 

the ith voltage source is connect to node k, then the element (i,k) in the B matrix is 1. If 

the negative terminal of the ith voltage source is connect to node k, then the element (i,k) 

in the B matrix is -1. Otherwise, elements of the B matrix are zero. As stated previously, 

if only independent sources are used, the C matrix is simply the transpose of the B matrix 

and the D matrix is a zero matrix.  

Equation (B.4) shows an example A matrix constructed for the example circuit 

shown in Fig. B-1. Equations (B.5-B.8) show the individual sub-matrices that constitute 

the A matrix. 

 
Figure B-1. Example circuit for A matrix construction 
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 [ ] [ ]1
, 1 0 , 0

0
B C D

⎡ ⎤
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⎣ ⎦
 (B.6-B.8) 

 
The construction of the x matrix for the circuit shown in Fig. B-1 is 

straightforward. Since 2n =  and 1m = , the x matrix is a 3x1 column vector containing 

the desired unknowns, shown in Eq. (B.9). 

 
1
2

_

v
x v

i V

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (B.9) 

The z matrix is also simply constructed. The top n elements of the z matrix are 

populated with the sum of the current sources entering each respective node. If no current 

sources are present, as in Fig. B-1, then the n elements of the z matrix are zero. The 

bottom m elements of the z matrix are populated with the amount of voltage produced by 

the source. The z matrix for Fig B-1. is shown in Eq. (B.10). 

 
0
0z
V

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (B.10) 

Assembling the matrices from Eqs. (B.4),(B.9), and (B.10) and substituting them 

into Eq. (B.2), the final form of the MNA technique is obtained, shown in Eq. (B.11). 

The accuracy of the MNA technique was evaluated using a “Simulation Program with 
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Integrated Circuit Emphasis” (SPICE) program. The example circuit of Fig. B-1 was 

constructed in the SPICE program and the output was compared to the results obtained 

from Eq. (B.11). If assembled correctly the result obtained from MNA will match the 

results obtained from the SPICE program. This process was repeated for several other 

simple circuits, all of which yielded the same output for both SPICE and MNA nodal 

voltages and supply current. The application of MNA to the composite medium 

resistance calculation is an uncomplicated endeavor using the rules outlined above. 

 

1

1 2 2

2 2 3

1 1 1 1
1 0

1 1 12 0 0
_

1 0 0

R R Rv
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R R R
i V V

−
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⎢ ⎥⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= − +⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎢ ⎥
⎢ ⎥
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