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Microelectromechanical systems (MEMS) radio frequency (RF) switches hold great promise in a myriad of commercial,

aerospace, and military applications. However, there is little understanding of the factors determining the performance and reli-

ability of these devices. Fundamental studies of hot-switched gold (Au) contacts were conducted using a micro/nanoadhesion

apparatus as a switch simulator. Experiments were conducted in a well defined air environment under precisely controlled oper-

ating conditions. Fundamental properties were connected to performance with an emphasis on the effects of contact force and

electric current on contact resistance (R), microadhesion, and reliability/durability. Electric current had the most profound effect

on switch performance. Observations at low current (1–10 lA) include: (1) slightly higher R; (2) asperity creep; (3) high adhe-

sion after rapid switching; (4) switch bouncing; and (5) reasonable durability. Conversely, observations at high current

(1–10 mA) include: (1) slightly lower R; (2) melting; (3) no measurable adhesion; (4) less propensity for switch bouncing; (5)

necking of contacts; and (6) poor reliability and durability due to switch shorting. Low current behavior was dominated by the

propensity to form smooth surface contacts by hammering, which led to high van der Waals force. High current behavior was

dominated by the formation of Au nanowires that bridge the contact during separation. Data suggest the presence of an adven-

titious film containing carbon and oxygen. Aging of the contacts in air was found to reduce adhesion.
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1. Introduction

1.1. Motivation

Microelectromechanical systems (MEMS) offer
great promise for integration of sensors, actuators, sig-
nal processing, and communications. Miniature smart
systems that interact with the physical world, perform
computations, and communicate with other systems
are the ultimate goals of MEMS technology [1,2].
However, the small size of MEMS devices results in
large surface area to volume ratios, which increases
the importance of surface forces to the point where
they dominate performance [3,4]. MEMS switches/
relays are an example of a promising new technology
that requires control over surface forces. Reliable mak-
ing and breaking of electrical contact requires contact
forces that typically range from a few lNs to as high
as about a mN.

Little data exists on the microscale contact behavior
of prospective electrode materials at MEMS-level
forces [5]. Further understanding of microscale contact
physics, chemistry, and mechanics is needed to develop
the required reliability. The primary objective of this
paper is to provide a fundamental understanding of
microscale Au contacts. Such knowledge is also appli-

cable to other technology areas such as simple pressure
contacts used in connectors, sockets, and chip holders,
which are becoming an increasing source of problems
as the numbers of inputs/outputs increase and appar-
ent contact sizes decrease [6].

1.2. Advantages of MEMS switches over current
technologies

MEMS switches offer significant performance
enhancement over current electromechanical (EM) and
solid state (SS) switch technologies [7–16]. They show
promise in a number of commercial, aerospace, and
military applications with radio frequency (RF) appli-
cations being particularly promising [2]. Advantages of
MEMS switches include: (1) high linearity; (2) low
insertion loss; (3) low power consumption; (4) reduced
size; (5) high shock resistance; (6) wider temperature
range; (7) good isolation; and (8) low cost [1,7,9–26].
However, high switching voltage, relatively slow
switching speeds (compared to SS), low power han-
dling, concerns about packaging, and questionable reli-
ability/durability are areas of concern [7,11,15,16,
21–23]. The potential benefits of this technology have
led to significant efforts on MEMS switches in indus-
try, government, and academia, but many issues
remain before they can be commercialized [5,15]. In
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fact, MEMS microrelays must be as reliable as conven-
tional relays to be commercially viable [5].

Among the switch technologies presently used in
RF systems, EM relays offer the best high frequency
performance in terms of low insertion loss, high isola-
tion, and good power handling (up to several Watts),
but are large, slow, expensive, and lack durability.
Solid state switches [e.g., gallium arsenide (GaAs) field
effect transistor (FET) and p-i-n diodes] offer chip
level integration, small size, fast switching times, excel-
lent durability, and low cost, but generally do not per-
form well in broadband applications, have high
insertion loss, and poor isolation [2]. In choosing
between EM and SS switching technologies, there is
generally a trade off between the high frequency per-
formance of EM and the size, low cost and switching
speed of SS [2]. High losses in SS switches tend to nul-
lify the size benefits due to the need for signal amplifi-
ers, which increase power consumption and complexity
[2]. The attraction of MEMS is that they offer the per-
formance of EM switches with the size and low cost of
SS switches [2,8,17].

1.3. Applications

Applications for MEMS switches include wireless/
satellite communications, radar, automated test equip-
ment, instrumentation, DC motor control, and auto-
motive [2,8,13,21,22,26,27–29]. Applications in RF
communications systems include phase shifters, digi-
tized capacitor banks, system front-ends, phased array
antennas, and handsets [7,9,12,30]. RF switches are
particularly applicable to reconfigurable systems [7].

1.4. Fabrication

MEMS switches have been fabricated using various
technologies such as bulk micromachining, surface mi-
cromachining, and LIGA [25]. Materials used include
silicon, GaAs, quartz, silicon dioxide, silicon nitride,
and various metals [31,32]. Both lateral and vertical
contacts have been fabricated [26]. For vertical con-
tacts, the cantilever and air bridge are the most com-
mon [7,33]. It has been reported that switches with
lateral contacts are generally inferior to those with ver-
tical contacts due to high sidewall roughness [2,26].
However, no systematic study has identified the ideal
roughness parameters for optimal performance.

1.5. Actuation schemes

Actuation schemes include electrostatic, magnetic,
and thermal [13,28,34]. Each scheme has its own set of
problems: (1) high power requirements and slow
switching speed for thermal; (2) high incompatible

voltages for electrostatic; and (3) high complexity,
cost, and power requirements for magnetic [12,13,20].
Electrostatic actuation is most commonly used, and
actuation voltage is minimized through the use of a
compliant bridge or cantilever. However, this also
reduces the available restoring force and makes adhe-
sion a bigger concern. Low actuation voltage is a strin-
gent requirement in integrated circuit (IC) test and
automotive applications [8]. Advantages of thermal
and magnetic actuation are that they can provide mN-
level forces and operate at IC compatible voltages
[8,26,27].

1.6. Types of MEMS switches

There are two types of MEMS RF switches of inter-
est: direct current (DC) and capacitive. DC switches
have metal-to-metal contacts (typically Au-on-Au), are
suitable for use from 0-6 GHz, and are used for low
current ( 300 mA) applications [2,7,9,14,22,32]. Failure
mechanisms include adhesion, welding, melting, and
sudden unexplained increase in contact resistance (R).
Capacitive switches with metal-to-dielectric contacts
(typically Au-on-silicon nitride) are used at frequencies
of 10 GHz and above [2,7,9,10,19,22,32]. Failure
mechanisms include adhesion, self-actuation (above
2W RF power), and dielectric charging [7,15,19,22].
Contact lifetime is generally less of an issue with
capacitive switches [2]. The focus of this article will be
on the reliability, durability, and failure mechanisms of
DC switches with Au contacts.

1.7. Electrode materials

Au is a logical choice as the contact material
because it: (1) is easily deformed (under low load); (2)
has a low propensity to form alien surface films; (3)
has high melting point; (4) is efficient in propagating
RF signal; (5) is monolithic microwave integrated cir-
cuit (MMIC) compatible; (6) is corrosion resistant; (7)
has low resistivity; and (8) is easily deposited
[2,13,20,26,35–38]. Au is the most commonly used con-
tact material in low current macroswitches [35]. Au is
typically deposited by sputtering, evaporation, or elec-
troplating [39]. Other contact materials used (or being
considered for use) in microswitches include doped
polysilicon, nickel (Ni), aluminum (Al), rhodium (Rh),
palladium (Pd), and platinum (Pt) [22,39–43].

The main problem with Au is its propensity for
high adhesion, which may lead to failure if restoring
forces are not large enough to break a contact [20].
For example, Au contacts suffer from high adhesion
(0.3–2.7 mN) as compared to AuNi5 (0–0.3 mN) and
Rh (0.1 mN) [5,37]. However, the reduction in adhe-
sion for AuNi5 and Rh came at the cost of higher R.
A fundamental understanding of the relationships
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between contact force, adhesion, and R is needed for
MEMS switch design [5]. For instance, the adhesion
force between electrodes essentially determines the
minimum restoring force and compliance of a micro-
bridge or cantilever, which can affect contact force and
minimum actuation voltage. This study attempts to
provide information on these relationships for Au con-
tacts.

Despite its nobility, nominally clean Au is known to
have a thin layer of adventitious carbon on its surface
that is residue from the cleaning process and/or is
adsorbed due to exposure to air. For instance, it has
been reported that there are 20–40 Å of adsorbed
hydrocarbons on freshly cleaned Au [44,45]. These
alien films reduce and/or prevent metallic contact and
increase R, but may actually be beneficial by reducing
adhesion [46]. Contact resistance of a few ohms is typi-
cal of surfaces contaminated with carbon [47–49].
Another source of carbon is thermal decomposition of
organic vapors during switch operation [47–49]. Sur-
face contaminants increase R over that of the constric-
tion resistance, and are particularly problematic at low
mechanical and electrical loads [50]. Other typical con-
taminants in electrical contacts include particles, corro-
sion products, friction polymers, organic solvents,
lubricants, and silica [50]. Contaminants are generally
nonconducting and reports have shown that tunneling
is the dominant charge transfer mechanism for Au
contacts in both air and dry nitrogen environments
[45,46,51,52].

1.8. Arcing

Arcing or electrical breakdown are concerns in
switch applications [36,37]. Arcing typically produces
vaporization and wear of electrodes along with mate-
rial transfer, and is typically classified as ‘‘opening’’
and ‘‘closing’’ [36]. Closing arc considerations are gov-
erned by a similitude law concerning the electrical
breakdown of a gas filled gap with a uniform electric
field [36,53]. It is expressed in Paschen’s law as a rela-
tionship between the breakdown voltage (Vs) and the
product of the pressure (p) and the gap width (s) in air
at 20 �C. It is generally thought that closing arc is not
critical for MEMS switches, but cannot be totally dis-
counted due to deviations from Paschen’s law at small
separation [36,53,54].

Opening (Townsend or metal vapor) arc is initiated
by either field emission of electrons or explosive evapo-
ration at points of contact [36,54]. Opening arc,
although of minor importance in macroswitches, may
be important in MEMS switches and result in the
transfer of material from the anode to cathode [54].
Bridge transfer is another wear mechanism that usually
manifests itself as cavitation in the anode and eleva-
tion on the cathode [36]. Bridge transfer is closely

related to opening arc, but material transfer is a result
of hot spots (breaking points) in metal bridges being
displaced from their center. There is limited under-
standing of the effects of arcing and bridge transfer on
MEMS switches, and we hope to shed some light on
these issues in this paper.

1.9. Contact resistance

Contact resistance should be as low as possible to
reduce both Joule heating and signal (insertion) loss.
Thermal management is critical for MEMS switch per-
formance, and thermal modeling is an important com-
ponent of the design process [40,45,55]. In RF
applications, thermal effects and electron crowding due
to the skin effect (concentration of current near the
surface of a conductor) are a concern for power han-
dling, particularly above 2 GHz [16]. Contact resis-
tance is the sum of a constriction term and a film
term. The constriction resistance, Rc, is a consequence
of the current flow being constricted through small
conducting spots, and for a single circular contact spot
can be written as

Rc ¼ q=2a; ð1Þ

where q is the resistivity of the contact material (for
like contacts) and a is the radius of a circular contact
area [36,56]. The film resistance (Rf) of a circular con-
tact covered with a uniform film (e.g., alien film) can
be written as

Rf ¼
qfd

pa2
; ð2Þ

where qf is the film resistivity and d is the film thick-
ness [36,56]. Although Equations. (1) and (2) are sim-
plified, they do illustrate some key concepts. One is
that more real area of contact (RAC) (larger a)
reduces both Rc and Rf, and that the film thickness
and resistivity are important for Rf. It should also be
pointed out that quantum mechanical tunneling is a
mechanism for charge transfer, and can reduce the film
resistance when film thickness is on the order of a few
angstroms [36].

MEMS switch designers need to know the relation-
ship between R and contact force to effectively size
components and forces to provide stable contact resis-
tance at minimum force [44,57]. Contact resistance has
been measured in past studies using actual MEMS
switches, atomic force microscopes (AFMs), and an
interfacial force microscope (IFM), among others
[5,6,8,18,20,27,28,31,37,39,44,47,50,52,57–60]. One of
the major problems with previous reports of R is a sig-
nificant inconsistency in results. This may be due to
different: (1) contact geometries; (2) sample cleaning
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and storing methods; (3) operating environments; (4)
contact forces/pressures; and (5) electrical loads (i.e.,
current and voltage). In most instances, the precise
conditions of the studies are not reported, which
makes data interpretation and comparison difficult.

A number of previous studies have reported R at
various contact force. Unless otherwise specified, we
will limit our discussion to Au–Au contacts. The
results vary from study-to-study, and were conducted
using different apparatus in either air (at various RH),
dry nitrogen, or unspecified environments [20,27,28,31,
37,39,44,45,50,52,57–62]. Reported minimum R varied
from less than 100 mW to several ohms at loads from
25 lN to 300 mN.

The complexity of R behavior at various contact
force is illustrated in the following. Using an AFM
with Au–Au contacts in air, several contact cycles were
needed to initiate current flow (to scrape away an insu-
lating film), and then conduction increased, but subse-
quent behavior included loss of conduction and
intermittent high resistance [6,58]. Generally, contact
resistance was independent of load [6,58]. A study on
MEMS switches with Au contacts at loads up to
300 lN found: (1) R of about 20 W; (2) slight depen-
dence of R on load; and (3) a significant dependence
of R on current with R decreasing with increasing cur-
rent [62]. However, the test environment was not
reported, which significantly limits the value of the
data. IFM studies on Au contacts in dry nitrogen at
loads of 30 lN and below found a range of R from
10 W to 105 W with many failed attempts to establish
electrical contact [45]. The preceding two reports illus-
trate that contact resistance behavior of Au contacts
at MEMS-scale loads is not well understood.

1.10. Failure mechanisms and durability

Early failure is one of the primary concerns associ-
ated with MEMS switches, but published reports of
their reliability/durability are scarce [63]. Further com-
plicating the problem is that many of the studies were
conducted in different environments at different cur-
rents, loads, and switching modes (i.e., hot or cold)
without efforts to correlate data to test environment.
In hot switching, the signal flows through the contact
until the contact breaks mechanically as opposed to
cold switching where the signal is turned on and off
only when the electrodes are engaged [39]. The most
commonly mentioned failure mechanisms are adhesion,
welding, and a mysterious sudden increase in R during
cycling, but rigorous study of the underlying causes of
failure is missing [17,34,52,59,63]. A number of studies
have reported problems (e.g., shorting and welding)
related to the softening and/or melting of Au elec-
trodes [26,27,31,34,37,50,63]. This is intimately related
to the power-handling capability of MEMS switches,

which is limited by current density considerations
[10,32]. The maximum allowable current for Au con-
tacts has been reported to be from 20 to 500 mA in
nitrogen, air, and unreported environments
[27,28,31,34,37,52,59].

Durability is important and is often expressed as
the number of cycles to failure [1,20,22,27,
28,30,31,34,35,63]. However, the number of cycles to
failure is not meaningful unless operation conditions
(e.g., current, voltage, force, switching mode, and envi-
ronment) are specified. For instance, MEMS switch
lifetimes have been reported to be anywhere from 103

to 109 cycles, but switching mode, operating parame-
ters and environment were not completely specified
[17,20,22,30]. The switching mode affects durability,
with hot switched contacts having been reported to
have less durability than cold switched contacts
[27,63]. Current was reported to have an adverse effect
on durability with lifetime decreasing up to three
orders of magnitude at currents above 10 mA [1,34].
Hot-switched lifetime at 10 mA improved by six orders
of magnitude in nitrogen, but reasons for improved
lifetime in N2 compared to air was not given [1].
Another study suggested that durability in N2 would
be better than in air [31], but did not elaborate as to
why this was expected. Another observation is reduced
and more stable R with cycling, but has only been
observed in a couple of studies [8,20]. Clearly, failure
mechanisms, reliability, durability, and current han-
dling of Au contacts at MEMS-scale loads are not well
understood with widely varying behavior reported in
previous studies.

The objectives of this investigation were to conduct
fundamental studies of hot-switched Au contacts using
a micro/nanoadhesion apparatus as a switch simulator.
An emphasis was placed on relationships between con-
tact force, electric current, R, microscale adhesion, and
reliability/durability in a well defined environment and
precisely controlled operating conditions. Results of
this study are relevant to contact electrodes in MEMS
switches, and provide design input to MEMS switch
designers.

2. Experimental

2.1. Micro/nanoadhesion apparatus and test procedure

A micro/nanoadhesion apparatus [4] was modified
to allow R measurement in this study. A detailed dis-
cussion of microscale force measurement and experi-
mental procedures for adhesion measurement was
published earlier [4]. However, we will briefly review
key aspects of the apparatus and experimental meth-
ods as well as discuss modifications that were made
for this study. The instrument uses a ball-on-flat con-
figuration. Au was coated onto balls and wafers, which
were then used in experiments. Design features include:
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(1) fine control of ball position; (2) control of electric
current flow; (3) measurement of MEMS scale forces
(�1 lN and above); and (4) measurement of R. The
apparatus allows us to quickly screen switch contact
materials for adhesion, R, separation mode (e.g., brit-
tle or ductile), and performance/reliability/durability.
It also eliminates time consuming and expensive
device-level fabrication and testing for all but the most
promising electrode materials.

A block diagram schematic of the experimental
apparatus is given in figure 1. The environmental
chamber allows control of temperature and relative
humidity (RH), and experiments were conducted in air
at 22 ± 1 �C and 45 ± 5%RH. A constant current
source was used to drive DC current through the ball-
to-wafer contact, and a simple voltage divider was
used as the contact resistance circuit. The range of cur-
rents used in experiments was 10 lA to 10 mA. A ser-
ies resistor of 1 kW and a four-wire configuration were
used to measure contact voltage. It was shown previ-
ously that both signal loss and power-handling perfor-
mance of MEMS switches with DC current is
representative of the same performance at RF frequen-
cies [30,39]. Other aspects of switch performance may
differ between DC and RF, especially in regards to
electromigration, which is not an issue at RF frequen-
cies [64]. Results given here are fully applicable to DC
operation of MEMS switches. It is also reasonable to
expect that DC results at low current, where electromi-
gration is not a concern, should be representative of
the RF case at low current.

Two types of experiments were conducted, adhesion
and rapid switching. In adhesion experiments, a trian-
gle wave input signal was applied to the actuator,
which resulted in a constant approach and retract
speed of 320 nm/s for the ball. In rapid switching
experiments, a 5 Hz square wave signal with a

displacement amplitude of 1.6 lm was used. The maxi-
mum force on the wafer varied from 20 lN to 1 mN,
which corresponds to wafer displacements from 10 nm
to 500 nm. The range of maximum mean Hertzian
contact stresses (radii) was from about 15 MPa
(0.7 lm) to about 50 MPa (2.5 lm). Pure plastic anal-
ysis yields a range of contact radii from about 0.1 lm
to about 0.8 lm. During switching experiments, actua-
tor input signal (ball position), conditioned adhesion
signal, and contact voltage were sampled using an ana-
log to digital converter and stored in a personal com-
puter.

2.2. Test specimens and characterization

Polished GaAs wafers were coated with Au and
diced into 100 mm2 area squares for switching experi-
ments. A combination of sputtering and electroplating
was used to coat wafers. A 200 Å thick titanium (Ti)
bond layer was first sputtered onto the wafer. This
was followed by a film stack of: (1) 700 Å of sputtered
Au; (2) 4 lm of electroplated Au; and (3) 700 Å of
sputtered Au. The Au stack was used on the wafer to
give the model contact the same structure as films used
in actual MEMS switches, where plated Au is a struc-
tural material and sputtered Au is the electrode mate-
rial. Au was also sputtered onto 1.6 mm diameter
Grade 100 440C stainless steel balls. A 200 Å thick Ti
bond layer was first sputtered onto the ball followed
by 1 lm of sputtered Au. Wafer and ball specimens
were cleaned before testing by subjecting them to
ultrasonic cleaning separately in hexane, acetone, and
methanol for 5 min each, and were then dried at 55 �C
on a hot plate. Optical microscopy, scanning electron
microscopy (SEM), and AFM were used to inspect
and characterize virgin and worn electrode surfaces.

Figure 1. Schematic of the micro/nanoadhesion apparatus and associated instrumentation used in RF MEMS switch simulation studies.
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The rms roughness of the Au-coated wafers and balls
were 17.6 and 13.6 nm, respectively, as measured by
AFM at a 10 lm · 10 lm scan area.

It is important to comment on the relevance of our
ball-on-flat contact geometry to true MEMS switch
contacts. In actuality, the typical contact geometry in
MEMS switches is planar [8,13,17,26,27,31,34,37,
59,62,63], which may be by design or due to the fact
that contact dimples that are designed to be spherical
on top end up being flat or ‘‘donut shaped’’ on top
leading to unanticipated contact geometry. Even if
spherical dimples are made, they will flatten while in
contact or due to permanent deformation from
repeated contacts. Apparent contact area (Aa) varies
from 1 to 500 lm2 in various studies of planar MEMS
DC switch contacts [8,13,17,26,27,31,34,37,59,62,63],
while Aa varies from about 3 to 1000 lm2 in this
study. Apparent area of contact in our simulated con-
tact is thus comparable to that in actual MEMS
switches. Au films used here are identical to those used
in MEMS switches, so roughness effects should be the
same in the actual and simulated cases. Since our Aa

and roughness are similar to true MEMS, our adhe-
sion results for Au contacts are applicable MEMS
switches with Au contacts. Wear effects are applicable
to MEMS switches for the same reasons.

3. Results and discussion

3.1. Adhesion experiments

Our first goal was to understand contact behavior
in a simple adhesion experiment. Figure 2 shows force
and contact resistance versus time curves for a
Au-coated ball against a Au-coated wafer during a

microadhesion experiment. The force is recorded as
positive being down (+z direction), see coordinates in
figure 1. The wafer displacement scale shown in fig-
ure 2 was obtained from calibration data [4], and is a
measure of wafer motion during an experiment. In this
particular experiment, the maximum force was about
200 lN. This kind of experiment is typically used for
adhesion measurement [4], and consists of: (1) an
approach segment (0–0.2 s); (2) a contact segment
(0.2–1.05 s); and a retract segment (1.05–1.25 s). No
adhesion was observed in figure 2, which is typical for
hot switching experiments at and above 1 mA. If adhe-
sion was present, force would become negative during
the retract segment just before separation.

Aspects of high current (1–10 mA) switching can be
ascertained from figure 2. It should be noted that cur-
rents greater than 10 mA led to contact instability and
burn out. Power dissipation is about 1 mW at 10 mA,
which appears to be the power-handling limit of our
configuration. The first observation in figure 2 is that
necking (plastic deformation) occurred since t2 (time
interval from peak force to loss of electrical contact) is
greater than t1 (time interval from initial electric con-
tact to peak force). If necking had not occurred, elec-
trical contact should have ceased around 0.75–0.8 s.
The second observation is that there is a rapid
decrease in R during the initial asperity contacts (from
0.2 to 0.45 s). At first, current flows through a rela-
tively small number of contacts. This leads to high cur-
rent density and asperity melting. Since the molten
metal cannot resist the applied load, there is relative
displacement between the contacts [36]. This process
ends when sufficient load bearing area is established to
pass the current in a solidified state. Another interest-
ing fact is that R is relatively constant from about 0.5
to 1 s, even though the load changes considerably dur-
ing this time interval. Thus, R is independent of load
(over the load range shown) until the contact is bro-
ken. This kind of behavior is possible if asperity weld-
ing keeps contact area constant as the compressive
force is removed [36]. Similar behavior was observed
during indentation experiments that used a tungsten
tip against a nickel flat in UHV [65,66]. Plastic defor-
mation can also lead to greater contact area during
unloading than during loading [67], and the fact that
R remains low and constant as the compressive force
is removed in figure 2 indicates that this may be the
case here.

Low current (1–10 lA) behavior is illustrated in
figure 3, which shows the effect of current on contact
force and voltage. From here onward in this paper, we
will designate low current as being from 1 to 10 lA,
and high current as being from 1 to 10 mA. Points A,
B, and C correspond to the establishment of electrical
contact, peak force (�200 lN), and the breaking of
electrical contact, respectively. Clearly, the interaction
between electrodes is different at high and low current.
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Figure 2. Force and contact resistance versus time curves for an Au-

coated ball against a Au-coated wafer at 1 mA (high) current. This

kind of experiment at a constant approach and retract speed of

320 nm/s was used to determine adhesion. The key points to empha-

size are: (1) no adhesion was measured under these conditions; (2)

there was a quick decrease in contact resistance due to high current

density and asperity melting; (3) necking delayed contact breakage;

and (4) there was no load dependence for contact resistance over t2.
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Necking or ductile type separation occurred at 10 mA,
and brittle type separation occurred at 10 lA. Electri-
cal contact was broken when force returned to 0 lN at
10 lA, but not at 10 mA. Time segments AB and BC
differ by only about 7% at 10 lA (AB ¼ 350 ms,
BC ¼ 325 ms), but BC is 24% larger than AB at
10 mA (AB ¼ 375 ms, BC ¼ 475 ms). Generally, brit-
tle behavior was observed at low current, and ductile
behavior was observed at high current. Detailed analy-
sis of separation modes at metal microcontacts is given
in an earlier study [68]. Data in figure 3(b) is consis-
tent with a brittle type separation mode at maximum
contact radius [68], whereas, high current in figure 3
(a) leads to a ductile type separation mode that is not
well characterized in the literature.

3.2. Contact resistance

Monitoring R as a function of time provides infor-
mation on the temporal behavior of the contact
because R is related to real area of contact (RAC).
Figure 4(a) shows contact resistance as a function of
time. In these experiments, the ball was loaded against
the wafer at 200 lN, and then R was measured as a
function of time with the ball position being held fixed.
The first observation is that the steady state value of R
is on the order of a few ohms over the range of cur-
rent tested. This suggests that the contact was not
metallic and was being dominated by quantum
mechanical tunneling through an alien thin film from a

few angstroms to perhaps a few tens of angstroms
thick [36]. A time dependence to R was observed only
at low current, and R decreased rapidly in the first few
seconds and reached a steady state after about 40 s.
The decrease in R indicates an increase in the RAC.
The increase in RAC can only occur via asperity creep.
Creep was observed at lN-level normal forces in one
other study that used Au balls [69]. Although the effect
of current was not investigated in that earlier study
[69], it can be ascertained from their work that the cur-
rent was less than or equal to 100 lA. Silver–nickel
electrical contacts were also studied previously [70],
and they found asperity creep, force relaxation, and
decreased contact resistance over a few hours time at
50 mA current and 50 g force. Our data is unique in
showing that creep does not occur at all levels of cur-
rent for Au contacts.

Creep was not observed at high current. High cur-
rent density in the tallest asperities led to melting and
quick establishment of large contact area capable of
carrying the current in a solidified state, see figure 2.
The larger contact area prevented creep due to less
stress at asperity contacts. Although the concept of

Figure 3. Oscilloscope traces showing contact voltage and contact

force versus time during adhesion experiments conducted at (a)

10 mA, and (b) 10 lA. Ductile separation occurred at high current

(10 mA), whereas, brittle separation occurred at low current (10 lA).
Figure 4. (a) Contact resistance versus time at a load of 200 lN.

Temporal effects were observed only at low current with contact

resistance decreasing to a steady state value in about a minute.

Asperity creep was responsible for temporal effects at low current,

but creep was prevented by asperity melting at high current. (b)

Oscilloscope trace showing force versus time during an experiment

where a 200 lN load was applied at 0 lA. The force relaxes, which

implies wafer motion towards the fixed ball, and is accompanied by

increased real contact area and lower contact resistance.
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asperity melting to form large contact area is known,
its prevention of creep has not, to our knowledge, been
previously reported. We also note that there is a slight
dependence of R on current (in the steady state) with
higher current giving slightly less R. The mild current
dependence is consistent with the low voltage (10 lV
to 100 mV here) tunneling behavior of 5–30 Å thick
films between metallic contacts [36]. By mild current
dependence we mean changes in R of less than about
25%, as opposed to possible changes by orders of
magnitude in going from very low voltage (�0 V) to
about 2 V [36]. Another viewpoint is that the small
increase in R with current is indicative of a negative
temperature coefficient of resistivity, which indicates
that the contact is behaving as a semiconductor [47].
Although not explicitly pointed out, a previous study
showed a decrease in R with increasing current [46].

To further support our hypothesis of creep at low
current, we carefully monitored the temporal behavior
of contact force. Figure 4(b) shows the relaxation of
contact force for a contact loaded to about 200 lN at
0 lA current. Similar behavior was observed at low
current. After first contact, the ball position was held
constant. Relaxation of the contact force indicates
wafer movement towards the fixed ball position. This
is consistent with asperity creep and increased contact
area. The total force relaxation [DF in figure 4(b)] was
about 60 lN, which corresponds to about 25 nm of
wafer motion. Figure 5 shows a simplified schematic
of the contact experiment. For illustrative simplicity,
we have depicted the ball as ideally smooth in contact
with a rough wafer surface. As in the actual experi-
ment, the wafer is attached to a spring (load cell),
which itself is attached to a fixed base. Schematic
cross-sectional views of the contact showing qualitative
real areas of contact are also given. The following
argument applies to the cases of zero or small current.

At first contact, asperities deform enough to support
the load. After the initial asperity deformation, con-
tacting asperities are under compressive strain and are
susceptible to creep. Creep is accompanied by spring
relaxation and displacement (dz) as well as increased
contact area as shown in figure 5. Increased contact
area leads to decreased R. It should be noted that
increased contact area is consistent with higher contact
stiffness [67], which decreases deformation response to
loading. The model in figure 5 along with data in fig-
ure 4 offer solid reasoning and data to support the
hypothesis that creep decreases R at low current.

Aside from temporal effects, the effects of current
and contact load on R is of fundamental importance.
Figure 6(a) shows the effects of load and current on R.
These are steady state values taken after R had stabi-
lized in each condition. Contact resistance decreases as
current increases, but the effect saturates at 100 lA.
At each current, the effect of load on R is minimal. At
least two other studies have observed minimal load
dependence of R using Au contacts [6,62]. At high cur-
rent, lack of load dependence can be explained by the
fact that the contact area (and hence R) is dominated

Force relaxation
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Figure 5. Schematic illustration of the mechanism of force relaxation

in a zero or low current contact. Although the initial asperity defor-

mation is enough to support the load, time dependent creep effects

lead to additional asperity deformation, which allows the spring

force to relax.
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(b) Effect of current on contact resistance. Contact was first made at

10 mA, and then current was changed without breaking the contact.

Lack of temporal effects at low current indicates constant contact

area during the experiment. The decreasing nature of contact resis-

tance versus current indicates that a thin tunnel conducting film

dominated contact behavior.
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by melting, and the role of the load during melting is
to simply move the surfaces closer together. The
decrease in R with increased current is not unexpected
if quantum mechanical tunneling through an alien film
is the charge transfer mechanism [36]. More current
increases voltage across the contact by Ohms Law.
Voltage shifts the Fermi level up by the product eV
(where e is the electron charge and V is the voltage)
on one side of the film barrier, which allows a net tun-
neling current to flow [36].

To further investigate the nature (metallic or tunnel
conducting) of contacts, we performed a classic experi-
ment suggested by Holm [36]. Figure 6(b) shows the
results. Contact was first made at 200 lN and 10 mA,
and then the current was changed without breaking
the contact. The initial high current of 10 mA led to
high current density, melting, plastic deformation, and
increased real contact area. The idea is to establish a
large contact area first, and then to vary the current at
fixed contact area. If R goes up as current increases,
then the contact is metallic [36]. If R goes down as
current increases, then the contact is tunnel conducting
[36]. Contact resistance followed the curve in fig-
ure 6(b) and was reversible as current was changed,
which is an indication that contact area was indeed
constant during the experiment. Also supporting con-
stant contact area is the fact that there were no tempo-
ral effects at low current under these conditions. This
was not the case in figure 4(a) where time effects were
observed at 1 and 10 lA. The decreasing nature of R
versus current in figure 6(b) indicates that contact
behavior is dominated by a thin tunnel conducting film
[36]. This does not exclude the possibility that some
fraction of the contact is metallic, but simply indicates
that overall it is acting as a tunnel conductor.

3.3. Surface analysis

Auger electron spectroscopy (AES) was used to ana-
lyze the surface of freshly cleaned Au-coated wafers,
and data are presented in figure 7. The spectrum
shows Au peaks along with C and O peaks from sur-
face contamination. These species may be residue from
the cleaning process or adsorbed from air. Hydrocar-
bons and carbon dioxide are examples of air-borne
species that may have adsorbed onto the surface [4].
Data in figure 7 are presented as chemical evidence of
an alien film on the surface of Au electrodes.

3.4. Adhesion creation

Up to now, we have shown only the lack of adhe-
sion at high current. However, during our study we
discovered large adhesion under some experimental
conditions. We will now describe some interesting
observations. Much to the surprise of the authors,

rapid switching of the contacts at zero or low current
(0–10lA) was the only way to produce measurable
adhesion. Figure 8(a) shows an example of this phe-
nomenon. At first, this was puzzling as one may expect
more adhesion at high current from welding. Contacts,
which at first showed no signs of adhesion, were cycled
using a 5 Hz square wave at 100 lN and 1 lA for
5 min. Immediately after cycling, adhesion experiments
were conducted, and the results are shown in figure 8a,
where adhesion is about 150 lN. Apparently, the ham-
mering during rapid cycling changed the surfaces in a
way that promotes adhesion. If the current was subse-
quently increased to 100 lA or more during an adhe-
sion experiment, then adhesion was annihilated as

Figure 7. Auger electron spectra of a freshly cleaned Au wafer. Data

suggest coverage of the wafer surface with species containing carbon

and oxygen.

Figure 8. (a) Oscilloscope trace showing contact voltage and contact

force versus time during an adhesion experiment conducted after

square wave cycling at 5 Hz, 100 lN, and 1 lA for 5 min. Cycling

at low current creates adhesion. (b) Oscilloscope trace taken immedi-

ately after the experiment in (a), but with the current turned up to

100 lA. High current annihilates adhesion.
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shown in figure 8(b). Thus, high current can neither
create adhesion during rapid switching nor allow adhe-
sion to exist. The reason for this is that current affects
surface morphology of the contacts. To our knowl-
edge, low current hammering as an adhesion creation
mechanism, and lack of adhesion at high current, are
new observations and concepts for the literature.

An optical microscope was used to inspect surfaces
created during low current cycling. Figure 9 shows the
surface of a ball that was run for 60 min at 5 Hz,
1 lA, and 100 lN. The circled area in figure 9 shows a
smoothened ball surface, as there is less diffuse reflec-
tion where the ball was contacting the wafer. This is
essentially a case of asperity blunting by hammering.
The smoothened surface reduced spacing between the
ball and wafer and led to high van der Waals force.

This phenomenon can be better understood by con-
sidering some well known equations. The attractive
van der Waals force for a ball versus flat contact can
be written as

F ¼ AR

6D2
; ð3Þ

where A is the Hamaker constant (� 3 · 10)19 J for
Au), R is the ball radius, and D is the distance
between the ball and flat [71]. This is for a smooth ball
and flat, and any surface roughness (minus deforma-
tion) will increase separation. If a facet or localized flat
area forms on the ball, the van der Waals force for a
smooth flat versus flat contact may be more relevant.
The attractive van der Waals force per unit area for a
planar contact can be written as

F

area
¼ A

6pD3
: ð4Þ

Some simple analyses can be performed using these
equations. The induced adhesion in figure 8(a) is about

150 lN. Using this and R ¼ 0.8 mm in Equation (3),
we get D ¼ 5.2 Å. This suggests intimate contact and
smoother surface contacts, which is shown in figure 9.

3.5. Aging

A critical parameter that is often overlooked in
adhesion experiments is the effect of aging, particularly
for samples exposed to air. Figure 10 shows that aging
in air reduces adhesion. The series of adhesion experi-
ments was conducted at zero current. Figure 10(a)
shows about 300 lN of adhesion that was created by
cycling for 1 h at 5 Hz, 100 lN, and 0 lA. No adhe-
sion was present before this cycling. Aging the contacts
in air for twelve hours (overnight) reduced the adhesion
to about 200 lN, as shown in figure 10(b). Based on
our previous work [4] and common knowledge in sur-
face science, adventitious hydrocarbons and other spe-
cies adsorb onto a surface over time. Using Equation
(3), we find that the separation increased from 3.7 to

Figure 9. Optical micrograph of a virgin ball surface after cycling at

5 Hz, 1 lA, and 100 lN for 60 min. Hammering at low current cre-

ates a smooth ball surface.
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Figure 10. Force versus time during adhesion experiments conducted
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4.5 Å as force decreased from 300 to 200 lN. This sug-
gests that a film of average thickness of an angstrom or
more adsorbed onto the surface overnight. This
adsorbed film thickness is consistent with adventitious
carbon growth on single crystal silicon wafers [4].
Finally, continued cycling of the contact after aging
leads to an even higher adhesion of about 550 lN in
figure 10(c). Figure 10 reinforces the concept that
cycling at low (or zero) current produces adhesion, and
also shows that aging in air and the likely passivation
of the contacts with adventitious species reduces adhe-
sion. A likely mechanism is increased surface
separation and reduced van der Waals interaction.

3.6. Dynamic experiments

In this section, we will discuss the performance of
switch contacts during rapid switching experiments
conducted at 5 Hz, �100 lN, and various current.
Experiments conducted at high current are discussed
first. One of our first objectives was to determine the
minimum force needed for efficient switch operation.
Figure 11(a) shows an example where the force was
too low, as not all attempts to turn the switch on were
successful. In this case, the force is not measurable by
our sensor. The situation is remedied in figure 11(b),
where a force of about 100 lN was used and switching
operation was excellent. We found that 100 lN was
sufficient force to operate the switch, and no advan-
tage in performance was gained at higher forces. How-
ever, providing sufficient force does not guarantee
problem free operation. For example, there is an inher-
ent instability in the force at 1 mA and above. The
instability, shown in figure 11(c) in the circled area, is
an intermittent increase in the contact force. The insta-
bility is an indication that the wafer was pushed down
farther than normal, since the measured force is simply
kz where k is the spring constant of the force sensor
and z is the downward displacement of the wafer from
its equilibrium position.

Since the force instability is simply an indication of
farther downward displacement of the wafer, we con-
sidered mechanisms that allowed for this behavior.
Figure 12 shows such a mechanism that can explain
the force instability. The nominal force level is deter-
mined by the position of the ball at maximum penetra-
tion with respect to the equilibrium position of the
wafer. In figure 12(a), z1 is the displacement of the
wafer from equilibrium at maximum ball penetration,
and kz1 is the nominal force level. If material flows by
electromigration (migration of the metal atoms due to
momentum transfer from conduction electrons) from
the cathode to the anode, then the separation could be
increased to z2 due to the interposing material as
shown in figure 12(b). To transmit the additional
force, the interposing material between electrodes must

become solid during loading. Evidence of electromigra-
tion is shown in the SEM image of a ball surface run
to failure at 10 mA in figure 12(c). Localized melting
(note change in grain structure) and interposing mate-
rial are readily seen.

An unfortunate effect of the force instability is that
it is a prelude to switch shorting, which is the primary
failure mechanism at high current. This is shown in
figure 13(a). The instability begins at about 1.95 s,
where the force increased from about 150 lN to over
300 lN. From about 1.95 to 3.1 s, the switch remained

Figure 11. Force and contact resistance versus time during rapid

switching experiments at 1 mA and very low force. (a) Force was

insufficient for efficient switch operation as not all attempts to turn

the switch on were successful. (b) Excellent switching operation was

attained at 100 lN. (c) Although the switch is operating reliably, a

sign of trouble in the form of a force instability is seen. Note the

wafer displacement scale.
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Figure 12. (a) and (b) Schematics illustrating how electromigration causes the observed force instability at high current (above 1 mA). (c)

SEM image showing localized melting and electromigration on a ball run to failure at 10 mA.

Figure 13. (a) Force and contact resistance versus time during rapid switching experiments at 1 mA and about 100 lN force. Increased force

is a prelude to the switch sticking on and failure. (b) SEM image showing nanowire formation on a failed ball surface run to failure at 1 mA.

(c) Schematic illustration showing how nanowires can bridge the contact during ball retraction thereby shorting the switch.
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on despite the fact that five attempts were made to
turn it off. The inability to reliably switch upon
demand is our failure criteria, which is satisfied by the
behavior in figure 13(a). Once this kind of behavior
shows up in an experiment, it continues to appear
intermittently thereby malfunctioning. This is essen-
tially failure by short circuiting of the switch. During
routine inspection of the contacts, we discovered that
nanowires were responsible for switch failure. Fig-
ures 13(b) and (c) show Au nanowires on a Au ball
run to failure at 1 mA along with a schematic illustra-
tion of the failure mechanism. In the SEM image in
figure 13(b), in addition to the Au nanowires there is
evidence of melting and metal spatter that occurred in
an explosive process as the nanowires were drawn out.
Figure 13(c) summarizes the proposed mechanism.
Even though the ball is retracted to the point that
there is no geometric interference with the wafer in its
equilibrium position, Au nanowires bridge the contact
maintaining physical and electrical contact. Although
AFM has been used to study conduction and plastic
deformation in Au nanowires [72], their presence in
MEMS switch contacts has not been reported previ-
ously. Melting or even vaporization of Au nanowires
occurs as wire diameter decreases as the wire is drawn
out. This leads to higher current density and Joule
heating, and confirms that one of the preludes to
opening arc occurs at 1 mA and above. We observed
elevation on the cathode at 1 mA and above, which
could have been caused by opening arc and/or bridge
transfer. Adhesion annihilation at high current [see fig-
ure 8(b)] is due to nanowire formation and associated
surface roughening.

Failure by nanowire formation did not occur at low
current. A minimum current density in asperity con-
tacts is apparently needed to form nanowires. The
shapes of the force and contact resistance curves dur-
ing rapid switching at low current differ from those at
high current. Figure 14 shows force and contact resis-
tance curves during rapid switching experiments at
10 lA. The main feature in the graph is the spike in
the force curve upon loading, an example of which is
labeled as ‘‘bounce’’ in figure 14. This bounce past the
nominal maximum penetration of the ball is due to the
initial collision. This result suggests that if bounce is a
concern for MEMS switches, it is most likely to occur
at low current. Contact bounce was observed in actual
MEMS switches at high actuation voltage, although
the current was not given [17]. One very important
observation in the literature is that conditions favor-
able for weld formation (e.g., high current) decreased
bouncing in macroswitches [36]. The weld presumably
provides adherence that prevents the movable elec-
trode from separating from the fixed electrode. This is
consistent with our findings as well.

Further inspection of used ball surfaces offers insight
into failure mechanisms. Figure 15 shows optical,

SEM, and 3-D profilometer images of Au ball surfaces
run to failure at 5 Hz, 100 lN, and high current. A
prominent wear mark is seen in all cases. Melting is
seen in the interior of the wear mark, and is visible in
figure 15(a) along with a perimeter region where nano-
wires are present [see figure 13(b) for high magnifica-
tion view of nanowires]. If the switch is further cycled
for an hour at 5 Hz, 100 lN, and 1 lA (low current),
then a smooth surface is created on the perimeter of
the wear mark as seen in figure 15(b). It is this smooth
surface and increased van der Waals force that are
likely responsible for high adhesion after cycling at low
current, see figures 8 and 10. This progression of events
only makes sense if the perimeter region of the wear
mark is higher than the center region. This is shown in
figures 15(c) and (d), where we focus on the raised
perimeter in (c), and directly show the raised perimeter
in (d). The flat smooth surface in figure 15(b) is about
10 lm2 in area. Using this area and a separation of
about 4 Å in Equation (4), we obtain a force of about
2.5 mN. As seen in figure 10(c), we observed adhesion
forces approaching a mN in our experiments. These
back of the envelope calculations seem to support the
hypothesis that van der Waals force is the primary
cause of adhesion in these experiments.

This brings us to the subject of reliability/durability.
Figure 16 shows the number of cycles to failure as a
function of current. All experiments were conducted at
5 Hz and about 100 lN. At and above 1 mA, failure
occurred after about 1000 cycles due to intermittent
shorting. At and below 0.1 mA, switches were run for
over 105 cycles without failing by shorting. However,
adhesion and switch bouncing are concerns at low

Figure 14. (a) Force and contact resistance versus time during rapid

switching experiments at 10 lA and about 100 lN force. Low cur-

rent switching led to a different shape waveform for force due to

switch bouncing. (b) Schematic illustration of switch bounce during

loading.
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current. Current plays an important role in determining
reliability/durability, with contacts being less reliable/
durable at higher current. Current is also known to be
a primary influence on contact lifetime in macroswitch-
es, with lifetime decreasing at higher current [35].

4. Summary

Fundamental experiments investigating MEMS RF
Au switch contacts were conducted under precisely

controlled operating conditions in air at MEMS-scale
forces using a modified microadhesion apparatus. An
emphasis was placed on the role of surface forces
and electric current on switch performance, reliability,
and durability. From a reliability and switch burnout
perspective, current handling was effectively limited to
about 10 mA. Electric current had a profound effect
on deformation mechanisms, adhesion, R, and reli-
ability/durability. Asperity creep, slightly higher R,
switching induced adhesion, and switch bouncing
were present at low current. Asperity melting, slightly
lower R, near zero adhesion, poor durability, and
switch shorting by nanowire formation were present
at high current. Contact resistance values, decreasing
R with current, and the presence of a film containing
carbon and oxygen suggest that tunneling was the
dominant charge transfer mechanism at both low and
high current. Adhesion was linked to the creation of
a smooth surface texture and associated van der Wa-
als forces. Surface roughening by nanowire formation
prevented adhesion at high current. A number of the
observations and mechanisms brought forth in this
paper are new, and are expected to provide input
to MEMS designers to improve performance and
reliability.

Figure 15. Optical, SEM, and 3-D profilometer images of ball surfaces run to failure at 5 Hz, 100 lN, and 1–10 mA. In (b), the switch was

further run for an hour at 5 Hz, 100 lN, and 1 lA.

Figure 16. Switch reliability/durability at various currents in air at

45% RH. At high current (‡1 mA), switches failed after about 103

cycles by intermittent shorting. At low current, failure by shorting

was not observed, but adhesion and bouncing are concerns.
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