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ABSTRACT

In this paper, we report our observation of rate-dependence of
the pull-off force in microcontacts. Two rate-dependent features
have been observed during contact cycling tests. One is a larger
pull-off force at a low rate (LFLR), and the other is a larger pull-
off force at a high rate (LFHR). Further investigation using SEM
demonstrates that these two rate-dependent features can be related
to two distinct separation modes, i.e. brittle and ductile modes.
LFLR behavior may be due to surface effects in brittle separation,
whereas LFHR behavior could be due to viscous effects in ductile
separation. By monitoring the rate-dependency of the pull-off
force, the separation mode could be identified.

INTRODUCTION

Applications of MEMS switches generally require reliable
closing and opening of microcontacts over many billions of contact
cycles [1]. During operation, topographical and/or material
changes can alter the contact resistance and contact adhesion,
leading to fail-to-close or fail-to-open switch failures. In order to
study microcontact evolution, a scanning probe microscope (SPM)
based contact tester was built [2]. Contact tests were performed
between hemispherical contact bumps and planar substrates. The
contact bumps were microfabricated on silicon test cantilevers.
Both the bumps and substrates were coated with the contact test
material. Using this contact tester, we have studied different
contact materials [3], contact adhesion [4], and separation modes
[5]. However in the previous studies, we were unable to identify
the separation mode during the cycling test.

In general, there are two separation modes in microcontacts.
One is the brittle mode in which rupture occurs abruptly with little
or no plastic deformation. The other is the ductile mode in which
rupture occurs more gradually with significant plastic deformation.
Figure 1 shows typical differences in the force displacement curves
for the two separation modes.
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Figure 1: Force displacement curves for the two separation modes.
Ductile separation shows a change in slope of the force vs.
displacement characteristic due to plastic deformation and a
gradual separation. Brittle separation shows a constant slope
followed by a sudden separation with ringing of the cantilever.
Both force-displacement curves were measured at an unloading
rate of 35um/s.
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Depending on the separation mode, the surface morphology of
the microcontacts can change, leading eventually to large changes
in the pull-off force (the force needed to separate the contacts) [4,
5]. In this paper we report our observations of the rate-dependence
of the pull-off force. In particular we find that the magnitude of the
pull-off force depends on the cycling and separation rates, and this
rate-dependence is related to the separation mode. This behavior
allows the separation mode to be identified during testing without
SEM observation.

EXPERIMENT

To study the rate-dependent pull-off force, a 250 nm gold thin
film was sputtered on the stiff test cantilever and also on the
mating planar substrate. The tests were performed in laboratory air
with a relative humidity of 30% to 40%. The cycling test uses an
additional piezo-actuator to achieve a high cycling rate. The pull-
off force is measured using the SPM. The rate-dependent pull-off
force is studied by: (i) comparing the pull-off force at two cycling
rates (0.5Hz and 300Hz); (ii) comparing rate-dependence at
different loading; (iii) comparing the pull-off force by sweeping
the cycling rate between 0.5Hz and 1000Hz; and, (iv) comparing
pull-off force at different unloading rates.
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Figure 2: SEM micrograph of gold contact bumps with a maximum
loading force of 200 pN. (a) For the bump with a radius of
curvature of 4um, the pull-off force at 0.5Hz is 172+11uN and the
pull-off force at 300Hz is 94 +£9.5uN; (b) For the bump with a
radius of curvature of 50 pm, the pull-off force at 0.5Hz is
130+9.7uN, and the pull-off force at 300Hz is 165+7.2uN.
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Rate Switching Test

We first compared the pull-off force at two cycling rates
(0.5Hz and 300Hz), by suddenly switching from one frequency to
the other. The maximum contact force was controlled at 200uN
during the cycling. After the test, the samples were inspected in the
SEM. For gold contacts, we observed two distinctive rate-
dependent features in the pull-off force. One feature shows a larger
pull-off force at low cycling rates (LFLR). The other feature
shows a larger pull-off force at high cycling rates (LFHR). SEM
observation shows plastically flattened features (Figure 2a), at the
surface of the contact in the LFLR mode. However, in the LFHR
mode, ductile necks and/or signs of material transfer are always
seen (Figure 2b).

Force Sweeping Test
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Figure 3: Rate-dependent pull-off force for separation with (a)
larger force at low rate (LFLR), and (b) larger force at high rate
(LFHR).

We then investigated the loading effects on the rate related
pull-off force. The loading force was manually changed while
cycling the contact. For one load sweep, the loading was increased
from 0 to 250 pN, and then decreased back to zero. Each sweeping
process took about 120~180 seconds (without strict control). Two
cycling rates were used, 0.5Hz and 300Hz. The load sweep was
first performed at 0.5Hz, and then followed by the 300Hz test. The
samples are gold bumps with radius of curvature of 15um. The
pull-off force was recorded during the cycling. The test results are
shown in Figure 3. In both LFLR mode and LFHR mode, the pull-
off force increases with an increase in the loading force. However,
the response of the pull-off force is different in each mode
according to the change in the loading.

In LFLR mode, as shown in Figure 3 (a), a larger pull-off force
is measured at 0.5Hz than at 300Hz. The difference between the
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two rates increases from 20uN at a loading of 150uN to 40 pN at a
loading of 250uN. It is also noted that the pull-off force, as the
loading is decreased, is slightly higher than the force as the loading
is increased. This is probably due to the wear of the surface film
during the test.

On the other hand, in LFHR mode, as shown in Figure 3 (b),
the pull-off force measured at the two rates (0.5Hz and 300Hz) are
almost the same for a loading force less than 200uN. However, at
loading forces greater than 200N, the pull-off force measured at
300Hz becomes larger than the force measured at 0.5Hz. For a
loading force of 250uN, there is a 40uN difference in the pull-off
force between the two cycling rates. It is also noted that the
increase of the pull-off force is more random in the LFHR mode
than in the LFLR mode.

Rate Sweeping Test
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Figure 4: The rate-dependent response of the pull-off force by
sweeping the cycling rate. The maximum loading force is
maintained at 200uN. (a) is the pull-off force response for less
than 10° cycles (LFLR); (b) is the response after 10° cycles of
testing.

We also studied the rate-dependent pull-off force properties by
sweeping the cycling rate from 0.5Hz to 1000Hz. The sample used
for test was a gold bump with a radius of curvature of 15um.
During the test, the maximum loading force was controlled at
200uN. The cycling rate was increased from 0.5Hz to 1000Hz, and
then decreased back to 0.5Hz. During the rate sweep, 13 different
cycling rates were tested. At each cycling rate, the sample was
cycled for 30 seconds for pull-off force measurement. The
sampling rate for data acquisition was 500k/s for cycling rates of
100Hz~1000Hz 50k/s for the rates of 10~100Hz, and 2k/s for the
rates of 0.5Hz~10Hz respectively.

One such result is shown in Figure 4. A LFLR mode is clearly



demonstrated in Figure 4 (a). It is shown that the pull-off force is
constant at a low cycling rate, and starts to decrease for cycling
rates larger than 100Hz. The pull-off force changed from 100uN
measured at 0.5Hz to 40 uN measured at 1000Hz. A rate of 100Hz
appears to be a transition point during the rate sweeping test. It is
also noted that such a transition feature can disappear after a
certain number of cycles. Figure 4(b) shows the same rate
sweeping test result from the same contact after being cycled for
10° times. There is no clear rate-dependent feature, and the pull-off
forces measured at different rates were similar. After this test, the
contact surface was inspected in the SEM. The SEM images show
damage or material transfer on the contact surface. Surface wear
could be the reason for the disappearance of the LFLR features.
We found that it was not easy to observe the LFHR mode
during the rate sweeping test. However, we were able to
characterize the LFHR mode by using the unloading rate test.

Unloading Rate Test

The unloading rate test is performed by using a series of pulse
signals. Each signal has the same rise time (10ms), the same
resting time (10ms), but different unloading times. The unloading
rate is related to the unloading time. A longer unloading time
provides a lower unloading rate. By varying unloading time, eight
unloading rates, from 0.05um/s to 50um/s, have been tested. At
each unloading rate, the pull-off force is measured with two
different maximum loading forces (100puN and 200uN). Some
results are shown in Figure 5. It is clear that a LFHR feature was
recorded. At a maximum loading of 200uN, the pull-off force
increased with an increase of the unloading rate. However, such a
trend is not clear at a lower loading (100uN).
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Figure 5: Pull-off force test with different unloading velocity. (a)
The driving waveform for the test. Each pulse with the same
loading time and the same time in contact, but with different
unloading time; (b) measured unloading rate-dependent pull-off
force in the LFHR mode.
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DISCUSSION

According to our rate-dependent pull-off force contact tests,
there are two different rate-dependent features that have been
identified. One feature shows a larger pull-off force at low cycling
rates (LFLR). The other feature shows a larger pull-off force at
high cycling rates (LFHR). Based upon our SEM inspection, the
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contacts with LFLR features usually have plastically flattened
surfaces. However, for the samples found with LFHR features,
surface damage has always been observed. These observations
suggest that the LFLR mode is associated with brittle separation,
and the LFHR mode is associated with ductile separation.

For a brittle separation, the magnitude of the pull-off force
depends on the bonding strength at the interfaces. The longer time
in contact, the stronger bonding could develop, which in turn leads
to a larger pull-off force to separate the contacts. Observed LFLR
features could be due to the contact time and load effects on the
interfacial bonding strength.

A simple calculation shows a possible surface film effect in the
LFLR mode. Assuming elastic separation in LFLR mode, the pull-
off force Fouor Can be estimated by using the JKR contact
adhesion model:

Fpulloff = 1.5mwR (1)
where R is the radius of curvature of the contact bump, and w is the
work of the adhesion. In our contact test, we observed a plastic
deformation region on top of the contact bump. Due to plastic
deformation, the effective asperity radius of curvature Ry after
elasto-plastic or fully plastic deformation is different than its initial
value R. Correspondingly, the pull-off force can be expressed in
term of Reg,

Foutiort = 1.57WReft (2

Further assuming that all the plastic deformation occurs during
the first cycle of loading, the unloading and the next cycle of
loading are elastic. To estimate the effective radius of curvature
after a single loading event, we use the Kogut-Etsion (KE) curve-
fit solutions from finite element analysis [6]. Based upon the KE
model, the bump with original radius of curvature R=15um,
hardness H=500MPa, and loading force 200uN, the effective
radius of curvature Re; can be calculated as 45um. Using Equation
(2), we calculated that the work of adhesion is 0.373/m? for 80 UN
pull-off force; the work of adhesion is 0.181/m? for 40uN pull-off
force. These works of adhesion are much smaller than the work of
adhesion between clean metal contacts (1~3J/m?). This calculation
indicates that there are surface films between the gold contacts.
These interposed films usually lower the surface energy and can
keep the separation in the brittle mode.

The kinetics of forming or destroying the interposing surface
film could contribute to the observed LFLR rate-dependent
features. Since gold is a hydrophilic surface and the tests were all
done in room air, such surface film effects could be due to the
meniscus force effect.

For a meniscus effect, there is a time constant for forming
meniscus bridges. The experiments by Szoszkiewicz [7] have
shown that at 37% relative humidity, the mean meniscus
nucleation time is around 0.7~4.2ms at room temperature. For
contact times less than the mean nucleation time, the number of
menisci formed will be reduced. The longer the time in contact, the
more menisci can be developed, hence the larger meniscus force.
Our rate sweeping experiment shows that the pull-off force drops
when the cycling rate is larger than 100Hz. This may indicate the
equilibrium time for meniscus condensation is about 5ms, which is
in the range of the meniscus nucleation time scales observed by
Szoszkiewicz. Further increasing the cycling rate could cause some
meniscus bridges to fail to nucleate.

Furthermore, we can verify that, in LFLR mode, the measured
difference in pull-off force at two rates is of the same magnitude as
the meniscus force effect. It was shown that the force difference



between the high cycling rate and low cycling rate is in the range
of 20~60uN. For a water thin film between a hemispherical bump
and a flat surface, the meniscus force can be estimated by:
Fn=4xRy,cos6 3)
where v, is surface tension of water film, equal to 72.7dyn/cm.
Since there is an intrinsic layer of water thin film on a gold surface,
the contact angle is chosen as zero. Using an effective radius of
45um, the meniscus force can be calculated as 40uN, which is the
force difference between 0.5Hz and 300Hz. Both the transition
time and the magnitude of the force suggest that the LFLR effect
could be due to the meniscus force effect in brittle separation. The
LFLR feature could be used to identify a brittle separation.

On the other hand, ductile separation is usually associated
with bulk material stretching and nanostructure separation. Such
nanostructure separation could activate viscous effects in the gold.
Usually, for inelastic deformation in a metal, time-independent
yield flow is the dominant deformation mechanism. The yield flow
is activated by nucleation of dislocations, which defines the
perfectly plastic behavior observed in macroscopic crystalline
metal. However, when the structure scale reduces to the nanoscale,
the dislocation sources are largely reduced. Under this situation, a
time-dependent “creep” flow becomes dominant. In “creep” flow,
diffusion is a dominant mass transport mechanism. The low barrier
height for atom diffusion around the nanostructure allows atoms to
move fast on the surface. Surface tension driven diffusion has been
observed in the separation of Au/Au [8] and Pb/Au [9] nano
junctions. Even though it is unrealistic to assume the nano junction
is a liquid, it is believed that at the last stage of the separation,
(when the neck is narrowing down to several nanometer), the
junction behaves like a “liquid” [10].

Due to the “creep” flow in nanojunctions, we would expect a
viscous effect in ductile separation. Such viscous effects could be
the reason for observed LFHR features, which gives a larger pull-
off force at a high cycling rate. In particular, we found that, by
increasing the unloading rate, independent of the cycling rate, the
pull-off force increased in the LFHR mode.

In ductile separation, the magnitude of the pull-off force is
then related to the volume of the ductile area. The increase in the
pull-off force in the LFHR mode may indicate an increase of the
ductile area.

Two features in LFHR mode have been observed: (1) the force
increase in LFHR mode is random. This could be due to a random
distribution of the ductile area. (2) In the LFHR mode, a larger
pull-off force is observed at large loading and a high unloading
rate. This could be because larger loading can activate more
ductile region and lead to larger viscous effects.

CONCLUSION

Two rate-dependent pull-off force features have been observed
in gold micro contacts. One is a larger pull-off force at low rate
(LFLR), and the other is larger pull-off force at high rate (LFHR).
We found that the rate-dependent features could be related to two
separation modes: brittle and ductile.

For LFLR features, the rate dependences may be due to surface
effects during brittle separation. Longer contact times at lower rate
can help to develop a larger surface force between contacts. Since
all these tests were performed in room air with 30%~40%
humidity, such surface effects could be due to menisci between
contacts. We found that the measured force and rate features are
consistent with the characteristics of meniscus condensation. SEM
inspections show that the contact surfaces in LFLR usually are
plastically flattened.
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For LFHR features, the rate effects could be due to the viscous
effects in ductile separation. During the ductile separation, there
are nano tips drawn out of the surfaces. Surface tension driven
diffusion in these nanostructures causes viscous effects during
separation. The viscous effects can lead to a larger pull-off force at
a higher unloading rate. We observed that the increase of pull-off
force in the LFHR mode has considerable scatter. This could be
due to the random nature of ductile separation. In general, once the
ductile separation has been identified during the cycling test, the
surface is found to be damaged. SEM inspection shows that the
contact surfaces in LFHR mode are rough, with significant wear
and sharp peaks characteristic of ductile separation.

The significance of this work is the identification of the rate-
dependence of the pull-off forces in metal contacts and its relation
to the separation modes. By monitoring rate-dependent features
during cycling tests, the separation mode can be identified in situ.
This method can be a useful technique for metal contact
microswitch reliability studies.
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