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Abstract—This paper experimentally explores thin film micro-
contact pairs of Au-Au, Au-Ru and Au-RuO2 through the
utilization of thin-film contact resistance and spreading resistance
theory. Contacts of various combinations of material pairs,
including evaporated Au lower planar contact and sputtered Au,
Ru or RuO2 upper hemispherical contact were fabricated and
their performance monitored through many cycles of actuation.
The micro-contacts were actuated using an external, calibrated
point load and cycled between 1 and 107 cycles in a controlled at-
mosphere. To examine the micro-contact performance, the contact
resistance and force required to close the contacts were monitored
simultaneously throughout testing. Overall performance of these
devices followed current models reasonably well, but did show
some degree of variation from predicted behavior using standard
elastic and plastic material deformation model based predictions
of contact resistance. Thin film spreading resistance theories
provide a possible explanation for these observed variations
and using this theory may also allow for explanations of other
observations such as material transfer and micro-contact failure.
Better understanding of the physics driving this and the manner
in which these devices behave is a necessary step for optimizing
micro-switch designs to survive greater cycling and provide more
predictable and reliable operations. When compared to data that
is free from error induced by other factors (such as contamination
film) addition of spreading resistance theory improves the ability
to predict contact resistance. In the case of Au-Ru contact pairs
values have been measured as low as ∼ 0.2Ω. Without spreading
resistance, current theory predicts values for this experiment to
be around 1.5− 3.5Ωs. Addition of spreading resistance reduces
the expected range to 0.8−1.5Ω. Similar results were shown with
Au-RuO2 pairs while Au-Au were inconclusive.

I. INTRODUCTION

Micro switches are a fundamental component in many de-
signs, applications and technologies. Understanding the com-
plex nuances in the behavior of these devices will continue to
be critical to improving future device performance. The ability
to better understand and better characterize these devices is
the first step to improving their performance and optimizing
their design to better suit particular applications. One such
improvement which is of particular importance is a better
predictability of the resistance of micro-contacts. To better
design such devices we must first understand the complexity
introduced when these devices are fabricated using thin-films,
and how those thin films affect overall performance (i.e.
reliability, repeatability, lifetime, etc.). Recent efforts have
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yielded a simplified model for spreading resistance would
if integrated with overall resistance theory could help solve
another piece of this puzzle.

Recent work in this area has included development of
an apparatus designed specifically to repeatedly test micro-
contacts for the purpose of characterizing overall contact
resistance [1], [2]. That overall contact resistance contains
both the resistance introduced by two conducting surfaces
coming into contact and allowing current flow only over a
finite orifice, as well as a spreading resistance component in the
thin film. This paper will explore current results and attempt
to ascertain how well those results fit with current data. The
best method of incorporating this spreading resistance element
to the most current models [3] will be discussed. Then those
predictions will be modified using spreading resistance models
developed by Zhang et al. and compared against the same data
to determine if an improvement is observed [4]. This will guide
the next steps to better characterize this property of micro
switches using thin films as an integral part of their design.

II. BACKGROUND

A. Test Apparatus

In the exploration of micro-contact resistance, a large
amount of data was gathered utilizing a test stand specifically
designed for measuring contact resistance under known condi-
tions using a classic Holm cross bar approach [1]. Initial anal-
ysis of this data performed focused on the effects of different
materials and the impact of this change to contact resistance.
Throughout the analysis of this data, it was assumed that
spreading resistance was negligible. This paper will examine
how accurate this assumption is and if, in some extreme cases
the data is better represented by applying spreading resistance
to the model and re-evaluating.

The design of the contact was driven by the suitability of
the device to interface well with the test stand. The geometry
of the fundamental contact design utilized is shown in Fig.
1 below [2]. This is the physical layout for all devices used
to gather all the results presented here. WIth this layout,
application of a known voltage can be applied at one set of
pads. If the current through that voltage source is measured
along with the resistance across the other pair of pads, this
emulates Holm’s experiment and eliminates the complication
of bulk resistance estimations [5]. The size of the contact bump
on the underside of the upper beam, the material composition
of the conductive surface(s), the amount of force applied to



the beam and the displacements of contact were among the
parameters varied. At this point, a standard Holm cross beam
approach can be taken to evaluate the resistance of this contact
[5], and how best to model the components will be addressed
later. Before exploring the specifics of the data collected and
how it applies to topic of spreading resistance, first let’s explore
the current model of the system and how that can be improved
if spreading resistance is included.

Fig. 1. Illustration of manually actuated micro-contact contact [1].

Starting with currently accepted models fully defined in
previous works [3], both elastic and plastic considerations
were made and modified using Chang’s equation for cases
in which deformation between the two is occurring. The net
result of that work lead to application of Maxwell-Rayleigh
spreading resistance in a cylinder by Norberg et al. [6], which
is based on classical spreading resistance theory proposed by
Hall [7]. In combining the required resistance components, it
was recognized that there was an inherent overestimation of the
spreading resistance. This was corrected by the introduction
of weighing factors corrected which were then determined
through a finite element analysis of the problem [6]. More
recent works have approached the problem through direct
calculations to describe this complex current geometry and
the resulting resistance cause by electron constriction [4], [7].
This calculated result includes both the Maxwell-Rayleigh
and radial current spreading components discuss prior [3].
Additionally the effect of finite bulk radius, finite thickness
of the contact bridge and effects due to dissimilar materials
contacting are not included in this model [8]. This in turn
would also render the effects of film thinning [3] [9] as
negligible for those instances of similar contact materials,
but may need to be considered when addressing dissimilar
contacts.

III. MODIFICATION OF CURRENT MODEL

First, lets examine the best model to describe spreading
resistance. For the case of a radial contact surface area, the
appropriate equation to describe this overall resistance in this
device is given by Eqs (1) and (2) [4].

RSs =
ρ

4a
R̄Sx (1)

where ρ is the resistivity of the material and a is the radius
of the circular contact. The definition for R̄Sx is dependent
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For the devices tested, this radius varies from 4 to 8 µm
(ideally), while the deposited thickness of the thin film is
approximately 0.28 µm. Thus, for these devices R̄Sx is best
represented by Eqn. 2 [4].

In order to review the applicability of this model to the
geometry of the devices tested, first consider the expected
current flow in the thin film beneath the contact as illus-
trated in Fig. 2. The equations above are derived using the
assumption that at some radius slightly larger than the radius
of contact, current distribution becomes uniform and therefore
this resistance measurement is the resistance up to that point.
While from Fig. 2 it is clear that current flow is not radially
symmetric, we can simply assume that this circle of uniform
current distribution is some path (shown as a red line in Fig. 2)
through which all of the current from the upper contact must
flow and is defined to be uniform. Note also that in order
to take this measurement, some small amount of negligible
current (shown in green) must be present to obtain a voltage
measurement across the contact, as in the classical Holm cross
bar experiment [5]. This current must also have converged
with the current from the upper contact and reached the same
uniformity at the boundary line drawn. Thus, the voltage
measured is from this line of uniformity and any measurement
taken must include this spreading resistance term. For the
purposes of simplicity, it will be assumed that this can be
represented by some equivalent radius LT . But in recognizing
the significance of that value from Zhang et al. [4], it must
be noted that due to the physical configuration of the contact
design, that location of uniformity is conceptual in our case.

In turning to the consideration of current uniformity
through the thickness of the material, as shown in Fig. 3 we
can assume that in this dimension current spreading should
follow the model with no further modification.

One key element in the testing of these devices is recogniz-
ing the impact of contact pressure on this apparent effective
radius term a [10], illustrated in Fig. 4. While the applied
contact force is increase, the more elastic of the two materials
will conform to the other, increasing the effective area of
contact between the two as shown in part a. While the residual
current from the voltage meter must also be integrated in the
return current, it will essentially force the current from the
contact to occupy a slightly smaller fraction of the thin film
(in this case, it will assume this return current is negligible.

Without repeating all of the steps used to derive the current
model, this merging of theories will incorporate both the



Fig. 2. Horizontal current distribution in thin film portion of micro-contact.
Relatively high current flow from micro-contact closure (A) along with near-
zero current returning from the voltage measurement (B).

Fig. 3. Vertical current distribution in thin film portion of micro-contact.

Fig. 4. Cross section of current flow distribution a) representing the effect of
contact pressure on effective area, A and b) view of interaction of the currents
flowing through a cross section of lower contact pad during data collection.

effects of ballistic and diffuse transport considerations and

assume we are operating in an elastic-plastic environment, and
from the pool of available data those points which are expected
to be in this range will be used for model verification. This
model is defined by the following combination of ballistic and
diffusive terms [10]:

RWEP = RcBEP + Γ(K)RcDEP (4)

K is the Knudsen number, which is the ratio of the mean
free electron path length to the radius of the orifice through
which it can pass, (K = le

a ). As is evident, this number
drives the function Γ(K) which basically varies from 0 (for a
purely Ballistic transfer) to 1 (for purely Diffusive). The two
resistance terms are given by:

RcBEP =
4ρK

3πa
(5)

RcDEP =
ρ

2a
(6)

Where ρ is the resistivity of the material. At this point, the
considerations for elastic-plastic behavior have not yet been
factored in as they simply alter the effective radius of contact a
slightly. Since any change to this effective area will also change
the effective area used in the spreading resistance model, this is
where the two models will be joined. By applying the reduction
factor from Zhang et al. [4] to this ballistic diffuse model [3],
equation 4 will now become:

RWEP = (RcBEP + Γ(K)RcDEP )R̄Sx (7)

where R̄Sx is defined by Eqn. 2.

So far, we’ve taken the ballistic vs. diffuse model and ap-
plied a reduction factor to account for spreading resistance. The
last step is to include the effects of elastic plastic performance
which is accomplished in how we define the effective radius,
which is given by [3]:

a =

√
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Hπ
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2
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(
αc

α
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Here, Fc is the contact force, H is the Meyer hardness
of the softer material, KY is a function of the Poisson ratio,
given by KY = 1.1282 + 1.158ν. Finally, the ratio of αc

α
is a measure of how far past the point where we’ve reached
elastic-plastic behavior (which given our geometry and range
of values, we’ll assume to be unity (i.e. at the verge of entering
elastic-plastic response), verified by the observation that the
points selected appear to be past the point in which any more
further permanent deformation occurs but not cycled so many
times or under too large a load to have progressed past this
elastic-plastic condition.



IV. RESULTS

At this point, we simply need to compare resistance with
force data and compare them to the appropriate models. The
data gathered was designed to take steady state measurements
around a contact force of 200 µN . Under such conditions,
it is assumed that only the diffuse (classical) model will
apply and that there will be minimal ballistic resistance. Using
similar force measurements to those observed and using the
appropriate spreading resistances model for our geometry, new
models can be derived for comparison. First lets note the
resistivity and hardnesses of witness samples which will be
used for the baseline model calculations. These values are
summarized in table I:

TABLE I. TABLE OF VALUES MEASURED DURING FABRICATION.

Other parameters which will be needed include the thick-
ness of the bottom layer which was 280 nm of evaporated gold.
The base models will be calculated with this as a fixed value,
but the impact of compression of this layer will be addressed
later. The radius of the spots on the underside of the beam were
roughly 6µm wide at their widest point. They were produced
through a process which reflowed the photoresist layer used to
form the beam portion of the contact during fabrication. This
produces a roughly spherical shape, but should translate to no
larger than a 6µm effective radius contact area.

First we’ll examine the data for Au-Au contacts. As shown
in Fig. 5 for three separate devices (shown as the three points
all occurring around 200 µN ), note the scale of resistances
for this plot is on the order of 0.5Ω. The data presented is
limited to actuations near the early life of the contact before
significant wear was experienced. The resistances were found
from averaging the final resistance measurements for that
cycle. These steady state values are under conditions which
should maximize contact area between the two surfaces and
thus, more diffusive electron transport behavior is expected
rather than ballistic.

As shown, the lowest observed resistance is higher than any
of the models predicts. Spreading resistance in this range of
force values predicts a reduction in expected resistance. Thus,
the benefit from the addition of spreading resistance theory is
not apparent. Several similar Au-Au contacts were tested and
only 3 of the best devices were shown. This is because the
rest of the devices tested all had significantly higher variance
in resistances Typically this is attributed to a contamination
film. Given that this data also appears to contain a relatively
large amount of variance (compared to Au-Ru which will be
discussed shortly) suggests this contamination film may still
be present and effecting the final measured values.

In the case of Au-RuO2 contacts shown in Fig. 6, the
spreading resistance adjustment to the diffusive model predicts
the minimum observed resistance well. As with the Au-Au

Fig. 5. Resistance vs. force plots of three Au-Au contacts, each slightly worn
(1,000 to 3,000 actuation cycles). Values shown are compared to standard
ballistic and diffusive models [3] shown in blue and adjusted models which
include spreading resistance considerations [4] shown in red.

data, the vertical spreading of the data is very likely attributable
to contamination films developed during repeated actuations,
but as eight devices were all measured and all eight showed
minimum values lower than previously explainable levels,
the addition of spreading resistance theory corrects for this
discrepancy. In reality, one would actually expect the predicted
values to be slightly lower than shown considering how quickly
this contamination film develops. A possible explanation for
this will become apparent when we next examine the third of
the material pairs tested.

Initially a similar comparison of Au-Ru data to predicted
models was conducted and shown in Fig. 7. It is apparent
that even with the addition of spreading resistance theory the
measured resistances were still somewhat lower than what
was expected, but again the addition of this correction factor
brought predicted values closer to observations. There does
exist some possible explanations, however. Consider that the
models were derived from values taken during fabrication.
Those values may not remain constant throughout testing. For
example, the thickness of the bottom contact was deposited as
280 nm of gold, but during actuation with a relatively harder
upper Ru contact providing pressure over what we assume to
be a reasonable contact area, it’s not unreasonable to assume
this layer was compressed. If we estimate a 50%, the impact
on the model is shown as well. Consider also that we had
assumed a constant value for (αc/α), hardness and Poisson’s
ratio, all of which directly affects contact area so these two may
change during a single cycle, over several cycles, or possibly
just over time due to other factors. Finally, all the devices
measured were fabricated on the same wafer. If there was
some peculiarity which occurred during the fabrication (e.g.
uneven distribution of gold during the bottom layer deposition
resulting in non-uniform resistivity, reflow occurring such that
the contact pads were slightly different geometry, etc.) then



Fig. 6. Resistance vs. force plots of eight Au-RuO2 contacts, each slightly
worn (1,000 to 3,000 actuation cycles). Values shown are compared to standard
ballistic and diffusive models [3] shown in blue and adjusted models which
include spreading resistance considerations [4] shown in red.

the resulting error may show up in all devices on that wafer.
Considering all these factors together, along with how close
the modeled values are to observed data, spreading resistance
theory may account for a majority of the error observed.

Fig. 7. Resistance vs. force plots of two Au-Ru contacts, each slightly worn
(1,000 to 3,000 actuation cycles). Values shown are compared to standard
ballistic and diffusive models [3] shown in blue and adjusted models which
include spreading resistance considerations [4] shown in red. Adjustment to
spreading resistance prediction model to account for thin film compression
during actuation is shown in green and further adjustment for corrections to
resistivity (typical vs. measured) shown in cyan.

V. CONCLUSIONS

While there exists some small differences between mea-
sured vs. predicted values, overall the addition of spreading
resistance theory improves the accuracy of modeled values.
Given the overall geometry of devices tested and test method-
ology, the data taken was confined to around 200 µN of force,
thus only evaluating one part of the curve. Given the thickness
of the film used and size of the contact, spreading resistance
adjustments predict a decrease in resistivity for all cases. As
contamination tends to drive resistances higher, only contacts
relatively free from this will produce resistances low enough
to truly test the modifications effectiveness.

In the case of Au-Au contacts, this contamination film was
most evident. Since spreading resistance predicts a decrease
in resistance, without a way to accurately estimate how much
resistance is present just due to contamination, there really is
no way to accurately gauge if spreading resistance added any
level of accuracy to the models generated.

For both Au-Ru and Au-RuO2 contact pairs however,
current models fell short in being able to explain resistances
as low as what we’ve observed. Using measured values and
assuming they remain constant, the addition of spreading
theory to the models allows for much of this error to be
accounted for. While there is still a gap between the data
and predicted values, the results are close enough to accept
the remaining error is due to these assumptions of constancy,
and/or other variations which in one production run couldn’t
be accounted for.

Future efforts in this area hold a lot of possibilities re-
garding approaches that could be taken to further validate
this theory. Among these are variation of materials, contact
geometry, and perfecting testing methodology. Incorporating
available theories which further describe compression effects
in thin films as appropriate, may also help refine modeled
values.
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