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Abstract— This paper demonstrates the efficiency of a
new methodology using a commercial nanoindenter
coupling with electrical measurement on test vehieb
specially designed to investigate the micro contact
reliability. This study examines the response of do
contacts with 5 um?2 square bumps under various lels of
current flowing through contact asperities. Contact
temperature rising is observed leading to shifts othe
mechanical properties of contact material, modifictons
of the contact topology and a diminution of the tine
dependence creep effect. The data provides a better
understanding of micro-scale contact physics espedly
failure mechanisms due to the heating of the contdon
MEMS switches.

Keywords-electrical contacts; contact heating; failure
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INTRODUCTION

Research on contact degradation for
microelectromechanical system (MEMS) switches has
been driven by the necessity to reach a high-iiétiab
level for micro-switch applications. The two main
failure mecanisms observed during aging of thembesvi
are the stiction of the free-standing element drmal t
increase of the electrical contact resistariee). (The
mechanisms leading to failure are plentiful and
localized at the metal contact interface. The aatses
of those issues stem from interactions between the
deformation of the contact asperities, the curfewy
and the heating at the contact [1] and lead toingglt
material transport, adhesion, friction, wear, aggcin
fracture, built-up of insulating films... The chalgmis
to set apart one event from each other.

The behavior of the current flow at contacting
surfaces depends on several mechanical and oggratin
parameters such as thermatk)(and electrical d)

conductivity of contact materials, mechanical prtips
of the contact spot&(andH), roughnessRa), adhesion
energy of contact surfaceg,(mechanical stiffnesk,

humidity (Rh), contact voltage\(c), contact force K¢)

(cf. Fig. 1).

Contact parameters leading to modifications ofttpelogy of a
micro contact surface

This study suggests a way to identify the dominant
failure mechanisms by coupling specific tools and
dedicated test vehicles under variant operational
conditions. The purpose of this paper is to poiutttbe
usability of this experimental set-up to improves th
understanding of the micro-contact physic to |dael t
way toward the high-reliable contact with a low
electrical contact resistance.

CONTACT THEORY AND FAILURE MECHANISMS

First, the micro-contact physically differs frometh
macro-contact due to the roughness of the contact
surface. Only high points on each surface come in
contact thereby the effective contact area, named
asperities or a-spots, is largely smaller tharethpgarent
one. The constriction resistance mainly governs the
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contact resistance as the current flow is consttict
through the small asperities leading to the elesitri
contact. For a single circular contact spot ofuadi, Rc
can be written as [4]

)

where p is the resistivity of the contact material.
During the first contact establishment betweentine
surfaces, the load applied is generally higher ttien
yield stress of the contact material. Thus the
deformation of the contact asperities is predontlgan
plastic. The contact area and the contact loadbean
linked to the radius of the contact spot a usingpadib
and Firestone’s plastic contact model [4]

e o [
T Hrmr
where Ac is the contact area and the Meyer
hardness of the softer materiddbue to the surface
roughness, the effective contact resistance can be
obtained as a first approximation by summing adl th
contact radii of all the individual asperities dwet
effective contact radiuag of the effective contact area
Ag. This effective contact radius can be substitirienl
(1) and (2) to take into account the multiple aitper
feature of the micro contact.

)

Moreover the small contact force available in micro
switches yields generally to contact spots withize s
comparable to the mean free path in the contact
materials. Because of that, mechanical, electracal
thermal properties shift from bulk to a specificypics
of thin films lead by the geometry of the aspesitieor
example, the plasticity of the contact asperitiesgots)
in micro-contacts is rather ruled by the nucleatasn
dislocations than by their motion unlike macro-stvés
[2]. In the same manner, the heating of the cordgpot
is extremely localized when the current flows tlgtou
the contact whereas the device level remains ahroo
temperature [3]. The contact spot temperaflydas
already been expressed by Holm as a function of the
contact voltag®/. [4]

©)

Where L=2.45x 10%® W.Q/K2 is the Lorentz
constant and Jfis the ambient temperature.

The second important point to be addressed is the
reproducibility of the contact resistance over the
actuations, and thus along its whole lifetime Fafy. 2).
The reliability of the switch depends on its apilib
withstand some degradations occurring at the cbntac
interface. Three types of phenomena can be stuitlied:
mechanical (cold welding, strain hardening), eleatr
(arcing, hot welding, annealing) and chemical ones
(formation of insulating films at the extreme sodg
all inducing modifications of the topological,
mechanical and electrical properties of the contact
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Figure 1. Typical lifetime of micro switches leading to coctta
failure

As the experimental set-up developed here can be
used to vary several parameters, the understarating
potential failure mechanisms can be made eastbeif
effort is put upon the identification of the key
parameters for each mechanism. Moreover, these
phenomena should be well described to explain any
discrepancy between experimental measurements and
the predicted values by the available models.

In addition, the contact temperaturic)( of contact
a-spots could be linked with the contact force depey
on the contact voltage [5]. Indeed the plastic
deformation of the asperities during the contact
formation proceeds more rapidly when the softening
temperature is reached [2]. Thus the effective amint
area increases inducing a drop of the contactaesis.
However the softening of the metal at the asperibie
contact reduces the strain hardening of the a-spuls
could accelerate the aging of the contact by the
activation of thermal failure mechanisms. Theretbre
softening temperature of contact metals is probabby
of the most important critical parameter for a Eamnd
low contact resistance.

EXPERIMENTAL METHODS

Description of the experimental set-up

The test described in this paper is based on mgthod
combining a nanoindenter and a high resolution cgour
meter for the determination of the electrical conta
resistance versus the contact force and the desplet
of the free standing part of the contact. The dicina
load is thus reproducible and known with a good
accuracy (108 and 10°m), two points which remain
hard to achieve with the actual actuations (fomexa,
electrostatic actuation forces often drift due iedattric
charging).

Figure 2. Picture of the scan performed with the nanoindeoier
the test structure



The nanoindenter’s spherical tip is used as a
mechanical actuator and can be applied on the sampl
with a 20nm accuracy positioning thanks to a piezo-
actuated XY table. Thus a pseudo-AFM scan is
performed by probing the surface with a fixed sgfs
of contact between the tip and the surface (cf. &ig

The 4-wires electrical measurements are coupled
with the nanoindenter software in order to contha
level of load and the displacement of the tip tirig
into account variations of the electrical resiseantthe
contact (cf. Fig 4).
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Figure 3. Principle of the electrical test performed with a
nanoindentation tip

This experiment is also useful for studying hot
switching or cold switching modes. In this way we a
able to discriminate the failure mechanisms indumed
the current or by the mechanical cycling of thetaon
Moreover, the level of deformation sustained by the
contact asperities (elastic, elasto-plastic ortgpsan
be pointed out, depending on the applied load ahdh
contact area.

Test vehicle description

Specific test vehicles have been designed for conta
analysis, enhancing the extraction of characteristi
curves, and making possible the comparison between
different contact shapes or materials. As illusilain
Fig. 5, the testing device is composed of a bridge
suspended over the contact line. A 3um square bsmp
processed underneath. The stiffness of the bridge i
about 480 N/m. In addition, the test structures are
designed to measure only the contact resistantieeas
resistance of the line is canceled by the 4-wire
measurement process. The material contact is Auto-
because gold is the most popular material for rebadt
contact due to its high conductivity and its high
resistance to oxidation.
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Figure 4. Scheme of the test structures

TEST DESCRIPTION AND RESULTS

A campaign of tests has been made on these test
vehicles to study the self heating of the contaith w
increasing level of current flowing through the tan.
These performance tests enable us to compare the
temperature of the contact with the analysis of the
contact resistance versus the contact force upQquN
by sweeping the contact current from 1 mA to 100 mA
and measuring the contact voltage in a cold-switchi
way. Moreover, the holding plateau at load maxdisd
at 20s to study the creep of the contact. The tatais
about 1uN/s to allow the temperature to reach gtead
state. The following results are based on the shine
successive tests and are presented to emphasize the
various observations allowing by this experimesett

up.
Sengitivity to current increase
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Figure 5. Contact resistance versus contact force as a @mofi
the current flowing through the contact

Fig. 6 shows typical contact force-contact resistan
curves for a test structure with a 3um square dinapl
11 levels of contact current. This curves point i
relationship between the contact force and noroed.|
The contact resistances decrease with the incgeasin
contact force as a function of the contact curaemt are
described by the equatiaR, = AF.™ whereA andx are

constant parameters. The parametetecreases from
0.46 to 0.07 with contact current rising and doetsfi

with (2) because this equation does not take into
account the roughness of the contact surface. The
second observation is that the higher the curerthie
lower is the dependence of the contact resistamtieet
load applied. The initial contact resistance remain



[N
1)
o

N
Q
[S]

@
S

@
S

IS
S

4/5

lower for subsequent cycle at each increasing step
current.

8000

The origin of this contact resistance reduction are
thermally induced with the increase of the contact
temperature with the current until reaching théesong
temperature. Thus the annealing of the contacirigad
to a reduction of the contact hardness and thehresgs
of the contact is lower after softening of the aoes.
Thereby, the deformation of the contact asperitses
higher with increasing current making easier the
breakdown of insulating films, and enlarging th&ato
contact area. 0
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Fig. 7 shows the contact temperature as a function
of the contact current. The published softening
temperature for gold contact is ~100°C, correspandi
to a contact voltage of 70-80 mV for contact neamn
temperature [3]. We observe that when the contact spreads with the number of the a-spots in contadew
current is increased after the first contact safigefrom contact loads increase, while the contact resistanc
40 mA, the contact resistance continues to decrease decreases. The total number of a-spots coming into
keeping the contact temperature roughly constame. T contact also increases with higher contact curbert
contact temperature increases with constant siape f the cross sectional area of a-spot also increastdseg
1mA to 40mA. At this point the contact temperature  are pressed down. These two phenomena are in
stops to increase and fluctuates between 80°C and competition and it is hard to set apart one frorohea
120°C (65 mV to 75 mV). Thus when the softening  other. However we can conclude that the softening o
temperature is reached, the contact temperatuserdue the contact material leads to an increase of timebeu
depends strongly on contact current at high current of contact a-spots.
level.

Figure 7. Evaluation of the number of asperities: numberteps
on the stiffness versus contact force as functichecontact current

We can observe that the effective contact area

A representation of the roughness of the contact
bump in the test vehicle is obtained from AFM
measurements (Fig. 9). The first picture shows the
contact bump of a structure untested coming froen th
same run as the test used for the test campaign
previously described. The second picture is the AFM
imaging of the bump after the 11 successive téstp (
6). We can observe the flattening of the asperitigsto
plastic deformation of the a-spots during the lngdbf
the contact. The measurements point out that thee rm
roughness of the top of the contact bump decrease f
18.1 nm to 13.8 nm.
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Figure 6. Contact temperature versus the current flowingugho
the contact asperities

Topol ogical modification of the contact surface

As shown in Fig. 8, the number of asperities n, can
be evaluated by the way of the mechanical
measurements provided by the methodology. The
stiffness of the structure can be measured by atrat
the load versus displacement slope and the ocagren
of a new mechanical contact can be observed: Atslig
increase of this value is due to the deformatiorthef
asperity of contact. When the contact force is high
enough, new asperities come into contact, indueing
slight sudden modification of the loading configioa,
that is to say a discontinuity in the stiffnessoreed.

Figure 8. Roughness measurements performing by AFM with non-
tested bump (R 18.1 nm and Rax = 114 nm) (a) and tested bump
(Ra=13.8 nm and Rax = 90.0 nm) (b)

The ratio of the real ccntact area for each current
level to the initial contact area for = 1mA is evaluated
from (1) and (2) at load max (Fig 10).
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Figure 9. Contact area ratioA/A) = ROZ/ R2) versus contact
current

We observed that the contact area increases with a
slope which is steeper from 50 mA. Indeed the kidie
point of 50 mA matchs with the rise of the contact
temperature to the softening temperature. Theiplast
deformation is higher when the softening tempeesisir
reached leading to a larger contact area in relatith
a larger topographical modification of the contact
surfaces.

Contact creep with increased contact current
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Figure 10.Variation of the contact resistance during versurgact
current during the holding plateau at+143 pN for £ 20s

The variation of the contact resistance is recorded
during the holding plateau for the 11 tests at loek
(=143 pN) for each current level. The results as
in the Fig. 11. The initial deformation is enough t
support the load max applied on the contact ané tim
dependant creep effects lead to additional asperity
deformation during the holding plateau.

The variation of the contact resistance is directly
linked to the contact area variation. We observed t
the creep of the contact asperities is lower ah hig
current although the contact material is softeicolld
be explained by the fact that high current derigitihe
asperities leads to a quick establishment of laogeact
area. Thus the larger contact area leads to atiedusf
applied pressure on each a-spot and prevents ép cre
due to less stress at asperity contacts [1].

CONCLUSIONS

This new test facility had enabled to perform tests
under realistic conditions in a static and dynawy.
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An emphasis was placed on the role of the current
increase leading to contact heating in the undwisig

of the contact physics. Various phenomena were
observed with asperity heating effects on contact
resistance versus contact force dependence, zéiaifi

of the contact temperature from the softening
temperature of the contact material, modificatibrthe
surface topography, and diminution of the creepogff

All this mechanisms are commonly report as failure
vectors in the contact switch lifetime.

And finally, this tests bring to light the usalyilibf
this methodology to investigate the contact religybi
and performance under several test conditions.t@ste
vehicles used in this study could be manufacturitd w
several contact materials with various bump designs
The investigation on these two conception pararseter
governing the robustness of the contact and thtacbn
geometry, which has a strong influence on the heat
distribution across the contact, is underway. The
knowledge gained will be the identification of the
failure mechanism for each contact design in otder
bring recommendations for further improvementshef t
contact reliability.
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