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Abstract

In this paper we measure the evolution of adhesion between two polycrystalline silicon sidewalls of a microelectrome-
chanical adhesion sensor during three million contact cycles. We execute a series of AFM-like contact force measurements
with comparable force resolution, but using real MEMS multi-asperity sidewall contacts mimicking conditions in real
devices. Adhesion forces are measured with a very high sub-nanonewton resolution using a recently developed optical
displacement measurement method. Measurements are performed under well-defined, but different, low relative humidity
conditions. We found three regimes in the evolution of the adhesion force. (I) Initial run-in with a large of cycle-to-cycle
variability, (II) Stability with low variability, and (IIT) device-dependent long term drift. The results obtained demonstrate
that although a short run-in measurement shows stabilization, this is no guarantee for long-term stable behavior. Devices
performing similarly in region II, can drift very differently afterwards. The adhesion force drift during millions of cycles is
comparable in magnitude to the adhesion force drift during initial run-in. The boundaries of the drifting adhesion forces are
reasonably well described by an empirical model based on random walk statistics. This is useful knowledge when
designing polycrystalline silicon MEMS with contacting surfaces.

1 Introduction The phenomenon of adhesion has been understood and

mitigated quite well on the macroscale for a long time and

The contact mechanics of micro electromechanical systems
(MEMS) is a topic of increasing interest. For the major a
part of the MEMS devices currently on the market, contact
mechanics plays no role, simply because the devices are
designed such that no moving components are required to
touch each other. However, even in these devices some
parts may occasionally come into contact when they are
subjected to impact accelerations. For devices like MEMS
switches, latches and mirrors, where components are
required to come into contact, the study of contact
mechanics and in particular the study of adhesion is of
primary importance.
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significant advances have been made on atomic scale
adhesion (Carpick and Salmeron 1997). However, our
understanding of so-called ‘mesoscale’ contact mechanics:
the domain where the number of contact points, or asper-
ities between two contacting surfaces is larger that one
(atomic scale) but not ‘close to infinity’ (macroscale), is
lagging behind.

Much progress has been made in the development of
anti-stiction coatings (Maboudian et al. 2002) and novel
methods of lubrication have been discovered (Asay et al.
2008). We believe that an important reason why MEMS
devices with contacting surfaces are still under-repre-
sented, is the lack of fundamental knowledge about what
actually goes on at the interface of a mesoscale multi-
asperity contact.

The reason for this knowledge gap is threefold. First, it
is relatively difficult to create a physical model of a real-
istic mesoscale multi-asperity contact. This is because the
working distances of the mechanisms involved in gener-
ating the forces between the contacts, are of the same order
of magnitude as the roughness of the contacting surfaces.
The behavior of contacting surfaces with exactly the same
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Fig. 2 The voltage displacement curve of a single contact cycle,
zoomed in on the adhesion hysteresis loop. The important points are
marked with numbers 1-8 and correspond to the numbers in Fig. 3

roughness statistics can differ by orders of magnitude,
simply because at the actual contact points, the surfaces are
physically different (van Spengen 2015; Zhao et al. 2003).

Second, due to the stochastic nature of mesoscale con-
tact mechanics, highly variable results are found under
otherwise equal circumstances, which makes it hard to
execute repeatable experiments. In addition, most real
MEMS surfaces contain a number of unknown contami-
nants that will influence the result.

Third, although mesoscale contact forces are large
compared to the other forces in a typical microsystem, they
are still very small in an absolute sense, and are therefore
hard to measure with sufficient precision. Until very
recently, atomic force microscopes (AFM) were the only
instruments capable of measuring such tiny forces (Carpick
and Salmeron 1997), and direct measurements of contact
forces in MEMS devices typically suffered from a low
signal to noise ratio (van Spengen 2010).

However, our new optical technique based on curve
fitting allows displacement measurements with deep

Fig. 1 Scanning electron microscope (SEM) micrograph of the
MEMS adhesion sensor used in the experiments
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subnanometer resolution (Kokorian et al. 2015). The mer-
its of the technique have already been demonstrated by
measuring adhesion forces in MEMS devices made entirely
out of diamond (Buja et al. 2015). We have also previously
presented a single adhesion experiment on silicon
MEMS (Kokorian et al. 2015), in which we observed
surprising run-in behavior of the adhesion force between
two sidewalls that were repeatedly brought into contact.

2 Theory: how to determine the adhesion
force from displacement

Figure 1 shows a scanning electron microscope (SEM)
micrograph of the type of MEMS adhesion sensor that we
have used in this chapter. The device consist of a ‘battering
ram’ that is suspended by folded-flexure support springs,
and can be moved forwards and backwards by comb-drive
actuators. When the ram moves forward by 2 um, it makes
contact with a ‘counter-surface’ to which it will tem-
porarily adhere.

Equation (1) shows the force balance of all the forces
that act on the adhesion sensor (neglecting air damping),

&x (1)
dr?

where F, (positive) is the force generated by the comb-
drive, Fyying (negative) is the restoring spring force exerted
by the beam springs in which the ram is suspended, Fyan
(positive) is the adhesion force between the ram and the
counter-surface, Foonacet (negative) is the force exerted by
the counter-surface on the ram and m is the mass of the
ram. This equation is valid at any value of F,,. We can
write for Fypring and Feongact:

Facl + Fspring ()C) + Fadh(x) + Fcontact =m:-

Fspn'ng = kspring * Xram (2)

if Xram 2 Yslider (3)

Fconlact = contact * dcontact

where d.onact 1S the elastic deformation of the contact, x
is the position of the head of the ram and ygger is the
position of the counter-surface.

The actuator force F is the only variable in Eq. (1) that
can be controlled directly, by applying a voltage difference
Vact between the comb-drive actuator fingers.

Figure 3 illustrates the events that occur during a single
‘contact cycle’, by which we mean a forth and back motion
of the ram in which it makes and breaks contact with the
counter surface.

Before the ram makes contact with the counter surface
(1), Faan = 0 and Fiopaee = 0 and an increase in F, will
cause the ram to accelerate and displace. At x = x4, where
the restoring spring force kgpring = —Fict, the ram will show
a damped oscillation around its equilibrium position. When
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Fig. 3 The different phases of a contact cycle. The numbers
correspond to the annotations in the graph of Fig. 2. (1) free motion,
(2) just before snap-in, (3) snap-in motion, (4) contact right after
snap-in, (5) increase contact force, (6) decrease contact force, just
before snap-off, (7) snap-off motion, (8) right after snap-off. Note
that steps (3) and (7) are not present in Fig. 2, because it only shows
stationary positions

the voltage is increased so much that x4y, is close to xs, the
attractive van der Waals, electrostatic and capillary forces
between the ram and the counter-surface come into play
(2). Their contributions are aggregated in F,q, . Typically,
Fagn depends strongly on the gap distance dgup in a non-
linear fashion, so as soon as F,q, becomes non-zero while
the ram approaches the counter-surface, a stable equilib-
rium position no longer exists and the ram is pulled into the

counter-surface (3). At this point, the reaction force Feontact
will become non-zero to compensate the force with which
Fagn pulls the ram to the surface (4). Increasing F,e even
further will not cause a change in F,q, , but the contact will
slightly deform due to the non-zero value of kcopgact (5)-
When the voltage is now lowered to the value at which
snap-in occurred, the ram will not immediately pull-off
from the counter surface, because F.q, is still non-zero.
When further decreasing the voltage, at some point the
adhesion force will be exactly compensated by the restor-
ing spring force such that Fyet + Fagh = —Kspring * Yslider and
Feontace = 0, but the ram is still touching the counter-sur-
face (6). An infinitesimally small further decrease in F
causes F,g, to become zero, which results in non-zero net
force that accelerates the ram back towards its equilibrium
position such that Fuq = —Fpring(Xeq) (7). We can now
obtain an expression for F,qy that is independent of F.
Just before snap-off:
Fact + Faan = —Kspring * Yslider (4)
Fadh = _kspring * Yslider — Fact (5)

Right after snap-off

Fact = —Kspring * Xeq (6)

Equating:

Fadn = kspring = (Vlider — Xeq) (7)
= kspring * dsnap—oft (8)

where dgap—off 18 the snap-off displacement length (8). The
spring constant of the moving ram can be found by mea-
suring the resonance frequencies of two devices with the
same value of kgpying, but different values for the device’s
effective moving mass m.g. The adhesion force can then be
determined from the snap-off displacement by multiplying
it with the spring constant. This means that we have suc-
cessfully shifted the problem of measuring a force to
measuring a displacement, for which we have an excellent,
high-resolution measurement solution.

3 Experiments
3.1 Adhesion sensor

In all the measurements discussed in this chapter we used a
polycrystalline silicon MEMS adhesion sensor as shown in
Fig. 1. It was fabricated the PolyMUMMPS™(MEMSCap
2020) multi-user MEMS process by MEMScap inc. Fig-
ure 3 shows the gap distance between the ram and the
counter-surface as a function of the voltage between the
comb-drive actuator fingers. Using standard cantilever

@ Springer
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beam approximations (Legtenberg et al. 1996), we have
analytically calculated the spring constant of the battering
ram suspension to be kgpying = (2.5 0.2 Nm™!). We
measure the displacement of the ram by using an optical
displacement measurement technique based on curve-fit-
ting (see Kokorian et al. 2015), and experimentally deter-
mine the adhesion forces from the observed snap-off
distance, as explained in Sect. 2.

The adhesion sensors were wire bonded to a ceramic
dual-in-line package (DIP) after having been stored in a
gel-pack for a short period of time. Before the experiments,
the devices had been stored for about a year in the package
in which they were shipped to us by the foundry.

3.2 Measurement setup

All adhesion experiments were carried out in a measure-
ment setup that was specifically made for conducting these
high-precision force measurements with MEMS devices. It
consists of an IDS uEye 3370CP CMOS camera in line
with a Motic PSM-1000 optical microscope, mounted
above a small environmental and vacuum chamber. Inside
the chamber, the DIL-packaged MEMS adhesion sensors
are placed into a socket which provides electrical con-
nections to the outside world. The chamber can be closed
with a lid that contains a glass view port, which allows
optical access from the microscope to the sample. The
walls of the chamber are temperature controlled, and can
be heated to 110°C to perform a dehumidifying ‘bake-out’.
The chamber is fitted with gas in- and outlets, and can be
evacuated down to ~ 1 mbar by a oil-free, membrane-type
vacuum pump. To create a dry and inert atmosphere it can
be flushed with pure Argon after bake-out and pumping.
The atmospheric conditions close to the sample are moni-
tored using a Honeywell HIH4000 humidity sensor and a
Pt100 temperature sensor, of which the output is logged

Fig. 4 A close-up view of the environmental chamber with a wire
bonded adhesion sensor mounted in the socket

@ Springer

every second. The entire setup is suspended in bungee
cords inside an acoustic isolation booth (Fig. 4). The booth
itself is placed on top of an stiff optical table with active
pneumatic supports. This construction that we developed
ensures maximum mechanical decoupling from the outside
world.

3.3 Adhesion measurements

The adhesion sensor was illuminated through the
microscope objective by a liquid light-guide coupled Sutter
HPX-L5 90W LED light source, which has the equivalent
light output of a 150W xenon arc lamp. The optical path of
the microscope consisted of a long working distance 20x
magnification objective with a numerical aperture of 0.5,
an additional 2x magnification lens built into the micro-
scope, and an adjustable diaphragm. The internal dia-
phragm of the microscope was closed to it’s minimum
aperture to block any stray light scattered back from the
chamber view port. Images were captured with exposure
times of around 1 ms per image.

Six adhesion experiments were carried out, under dif-
ferent low-humidity atmospheric conditions. They are
summarized in Table 1. Each adhesion experiment has
been conducted using the same procedure. The device was
placed in the socket inside the chamber. The ram was
moved forwards to make contact with the counter-surface
and press against it, and then retracted again. This was
achieved by sweeping V. from 70 V to 85 V and back in
2000 discrete steps. After each step an image of the device
support springs was acquired from which the displacement
was calculated using the curve-fitting method described in
Kokorian et al. (2015).

Table 1 Summary of the six adhesion experiments that were carried
out, sorted by relative humidity of the atmosphere

Name Resolution® Humidity Contact force®
(nm) (nN) (Yoru) (UN)
B 0.35 0.88 +0.07 26+ 5 3.1+0.2
H 0.31 0.78 £ 0.06 10£5 1.94+0.1
G 0.20 0.50 £0.04 10+£5 224+0.2
Je 0.24 0.60 +0.05 2+5 1.7+0.1
D 0.60 1.50 £0.12 0£5 2.84+0.2
Ja 0.23 0.58 +0.05 0£5 1.0+0.1

2The contact forces listed here are the maximum forces exerted on the
contacts by the comb-drive actuators

®The force resolution is calculated from the displacement resolution
by multiplying it with Kgpring = (2.5 0.2 Nm™")
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Three million of these contact cycles were executed in
total for every device. However, because an accurate
measurement of a complete contact cycle takes ~30s,
recording all three million cycles this way would take
about three years. Therefore, only 50 sets of 20 consecutive
cycles were actually recorded. The contact cycles in
between the measurement sets were executed at a higher
rate of 100 Hz with only 10 voltage steps per cycle. The
amount of intermediate cycles between measurement sets
was increased exponentially in such a way that the total
amount of contact cycles was close to three million, and the
resulting data points are spaced equidistantly when plotted
against the logarithm of the total number of elapsed cycles.

3.4 Environmental conditions

For the experiments carried out in a very dry atmosphere
(0%gru, 0%gy and 2%gy), the chamber was dehydrated by
baking it out at 110°C for about 16 h while it was being
evacuated continuously. After the chamber had cooled
down and its walls had reached a stable temperature of
25°C, the vacuum pump was switched off, and the chamber
was filled with 99.99% pure argon gas.

For the experiments carried out in a wetter, but still
fairly dry atmosphere (10%gry, 10%gu and 26%gry), the
chamber was left to ‘breathe’ for a couple of minutes to
equilibrate the chamber atmosphere with the surroundings.
The lid was then closed to keep the atmospheric conditions
constant throughout the experiment. However, because the
chamber temperature was maintained at 25°C and the
laboratory ambient temperature was 21°C, the temperature
of the gas inside the chamber slowly increased to match the
chamber wall temperature which caused a corresponding
decrease of the relative humidity. In addition, it turned out
that the chamber walls acted as a strong ‘getter’ for water,
especially after it had been kept at 0%gy for longer stret-
ches of time. The time it took for the relative humidity to
become stable turned out to be about a day, much longer
than we initially expected. For that reason, the relative
humidity was not completely stable in some of the exper-
iments. For the same reason it was not practically possible
to obtain high levels of relative humidity with this setup.

4 Results

Each experiment yielded a total number of 1000 contact
cycles, which amounts to a total of 6000 contact cycles,
each consisting of 2000 pictures. We do not show all the
raw results here, but we discuss some peculiar details in
Appendix A.

Figure 5 shows the adhesion force against the total
number of elapsed contact cycles for all measurements.

The width of the region is a measure for the variability
of the adhesion force from contact-to-contact. The colored
regions in the graph give a qualitative view of the distri-
bution of the measured adhesion forces in the experiment.
The darker region represents the 25-75% percentile inter-
val, the dark center line is the mean value, and the lighter
colored region indicates the total range of measured
adhesion forces. The variability is also shown separately in
Fig. 6, where the 25-75% percentile interval of the cycle-
to-cycle adhesion force values is plotted against the total
number of cycles.

All adhesion trend lines show a slowly varying drift over
the total range of 3 million cycles. The lines corresponding
to the samples measured under relatively dry conditions:
sample J., G, H, J; and D, show a slight increase in
adhesion after 10* contact cycles. The trend of sample J4
shows a gradual decrease in adhesion after 10° contact
cycles. The sample that was measured under wet condi-
tions, B shows a different trend: the adhesion force
decreases almost monotonously.

In all experiments, the cycle-to-cycle variability of the
adhesion force is large at the start of the experiment, but
decreases rapidly as a function of the number of elapsed
contact cycles.

5 Discussion

The most striking feature of this set of experimental data is
that device-to-device variation due to surface roughness
and differences in local sidewall contamination result in
strong differences. So strong in fact, that they preclude the
possibility to see any overall quantitative similarity of the
adhesion force evolution. However, there are certain trends
that occur in every experiment. We observe three regimes
(Table 2).

At the start of each experiment, adhesion forces show a
large cycle-to-cycle variability. The measured adhesion
forces of each individual sample fall within a range of
about £10 nN around their mean value, but the adhesion
forces from all experiments combined show a spread that is
~ 5 times larger: from 50 to 250nN. As the number of
elapsed contact cycles increases, we clearly see that the
adhesion variability of each individual device decreases by
about a factor 3. This reduction is caused by flattening of
the highest asperities. This behavior is characteristic of
regime I.

All adhesion curves seem to converge into a narrow
range of 65-115nN between 50 x 103 to 250 x 10° con-
tact cycles (regime II). This convergence can be the indi-
cation of a physical process that makes the sidewall
surfaces appear fairly similar after the initial run-in. After

@ Springer
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Fig. 5 The adhesion force plotted against the total number of contacts
for all measured devices. The mean relative humidities during the
experiments are indicated in the legend. The colored bands indicate
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Fig. 6 The variability of the adhesion force within each measurement
set of 20 consecutive cycles, plotted against the total number of
contacts for all measured devices. In all cases the variability decreases
with an increasing number of elapsed contacts

250 x 10° cycles the curves start to diverge again (regime
I1D).

Because the adhesion run-in is a process that slows
down exponentially as more contact cycles have elapsed,
all the graphs that we have shown in the results section
have a logarithmic horizontal axis. Figure 7 shows the first
half of the data that was shown in Fig. 5 on a linear scale.

@ Springer

the minimum value, the 25% and 75% percentiles, and the maximum
value. The solid line indicates the mean

Table 2 Overview of the three regimes of distinct adhesion behavior
observed

Regime Cycles Description
From Until

I 1 50 x 10° Initial run-in

II 50 x 10° 250 x 103 Adhesion stable

JIe 250 x 10° 3 x 10° Adhesion drift

The regime names are indicated in all graphs in which the x-axis
represents the number of contact cycles

4The upper cycle limit of regime III was not experimentally deter-
mined, but was dictated by the total number of cycles in the
experiment

The details of the initial run-in have become obscured, but
the general trend is shown in completely different light:
after a run-in of 50,000 cycles, the adhesion force is
stable for the next 200,000 cycles (Fig. 8).

6 An empirical model to describe
the adhesion force drift

The fact that the measured data are fairly similar for the
different humidities proves that if the humidity is low
enough not to cause large-scale capillary bridges, its’ effect
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Fig. 8 The adhesion force values in regime III versus the number of
elapsed cycles on a linear scale from 250 x 10 to 3 x 10° contact
cycles. In this regime the curves start to diverge again from the
stable values of regime II

is not pronounced. In the following we therefore treat the
measurement data as a single set with no differences
between the devices other than regular statistical variation.
We can extrapolate the data in Fig. 5 to predict the
expected adhesion drift for longer-term operation of the
devices. To obtain reliability predictive power from the
measured data we can take several routes. As the MEMS
system is too complex for direct physical modeling, a new
empirical model is needed. Here we present two of these
models, both with their strong points and limitations, as
presented below.

150 +
z
k=)
8
= 100 +
L
g
LS
2]
=
= 50_'
<
)
=== random walk S0
0 e ———rry ——rrr
104 10° 108 107

Number of contact cycles

Fig. 9 Measured adhesive forces and predicted average deviation of
the adhesive force for the log(n) model in Eq. (9) and the random
walk model in Eq. (12)

6.1 The simple log(n) fit model

For the simplest model, we us the experimentally observed
fact that on the semi-logarithmic plot in Fig. 9 the adhesion
long-term drift is roughly linear in Region II and III. The
corresponding first order model starts by noting that the
adhesion F,g(n) in a single experiment in such a case can
be written according to the following equation:

Fadh(”) = Fslart + Fdrifl . 10g<”) - Fdrift . IOg(nslart> (9)

In this equation »n is the number of cycles that the experi-
ment is running in total, and ng, = 10,000 cycles: roughly
the cycle number from which point most curves plot
roughly linear. Fg,+ iS the adhesion measured at nger
cycles and Fy;if is a fit parameter that defines the average
slope of the measured curve in region II and III. Both Fiy
and Fgif can be obtained by curve fitting Eq. (9) to the
measured data in region II and III combined. If we perform
this curve fitting procedure for all measured curves we can

Table 3 Determination of the standard deviation of Fgyy and Fggg for
the measured data of Fig. 5 in Regions II and III

Sample Fitart Farife Fry

(nN) (nN/log,, n) (nN/+/n)
B 105.1 - 20.6 —34.7 x 1073
G 96.1 -27 1.6 x 1073
H 72.1 222 29.5 x 1073
I, 100.5 183 322 %1073
Ja 57.7 0.3 —1.88 x 1073
D 74.1 17.2 292 x 1073
mean 84.3 5.77 8.78 x 1073
std. dev. 18.9 16.5 26.5 x 1073

@ Springer
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calculate the mean and standard deviation of F and Fygig
of the measurement. For the data of Fig. 5 these are given
in Table 3.

We define the x operator as giving the mean of x, and the
|x| operator as giving the average deviation of x. The
predicted one standard deviation boundaries on the adhe-
sion force for large n give the predicted adhesion with its
most probable drift, for which we use the notation
{F,an(n)}. For this model we get as the prediction for the
average drift adhesion boundaries as a function of the
number of cycles:

{Fadh(n) =Fgan £ (|Fstart| + Farig-

10
IOg(I’l) - Fdrift : log(nslart))- ( )

The prediction of Eq. (10) is that the adhesion drift goes
with a comforting log(n) and will not grow very large with
higher numbers of cycles for reasonable values of n. The
predictive power of this model of course depends on the
underlying validity of Eq. (9). With a second model we
show that this assumption need not necessarily be true.

6.2 The random walk model

For the second model the adhesion shown in Fig. 5 in
region II and III is interpreted as showing a ‘random walk’
type of behavior. This choice is made because of the erratic
drift of F,qn that sometimes even changes sign. A simple
random walk of a variable Z is defined as Z, = Z;Zl Z;,
with Z; = 1 or Z; = —1 with equal probability, and » the
number of steps. The expectation value of Z, itself is zero:
the possibilities of the walk are symmetrical around 0.
However, the expectation value E of the average deviation

from zero of Z, is E(|Z,|) ~ /% for large n, with the Ix]

operator again defined as giving the average deviation of x.

For large n the /n factor of the average deviation of the
standard random walk has a higher second derivative than
the log(n) relation of Eq. (9). Hence the deviations of F,g,
for high n are expected to be larger in the case of the
random walk than those in the log(n) model of Eq. (9). It is
true that as the number of cycles increases, the variation
per step is seen to decrease slightly in the measurements
(Fig. 6) unlike the step size in the simple random walk
described above. However, the change is not quite large
enough to cause a significant change in the shape of the \/n
function behavior; for large n it represents just a scaling
factor. Assuming underlying random walk statistics for the
adhesion experiment, the equivalent fit function of Eq. (9)
becomes:

Fadh(”) :Fslan+Frw'\/EfFrw’ V Nstart (11)

in which the fit parameter F,, absorbs the factor \/% and is
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the random walk equivalent of Fgiz in Eq. (9). The fit
parameters are given in Table 3. For the random walk
model we get as the prediction for the average adhesion
plus drift as a function of the number of cycles:

{Fadh(n)} = Fart = (HFstartH +F_rw \/_ - F_rw \/nstart)-
(12)

6.3 Discussion

In Fig. 9 we show a comparison of the two model pre-
dictions and the measured data. Both models describe the
measured data quite well. The initial ‘stability’ of the
adhesive force in Region II and the subsequent diverging
adhesive force in Region III is a prominent feature of the
random walk model, but is absent in the log(n) model. This
may favor the random walk model over the log(n) model.

At the end of Region III the slopes of the curves of the
two models differ considerably. If the adhesion drift is
dominated by random walk statistics, the expected drift
will be much higher than if it is governed by the log(n)
model. A long-term test up to a much higher number of
cycles, preferably with more devices, is recommended to
experimentally distinguish between the two models. This is
important to be able to predict the real-life adhesion drift
that can be expected during log-term operation of MEMS
devices with contacting surfaces.

7 Conclusion

Thanks to the sub-nanonewton force resolution of our
measurement technique, we have been able to observe the
adhesion force between polycrystalline silicon MEMS
sidewalls with unprecedented detail. The results in this
chapter clearly demonstrate the differences in the contact
mechanics of devices that are in every way identical, apart
from the fact that they are not actually the same device.
Small variations in surface roughness and hence in maxi-
mum normal contact force and local capillary condensation
may play a major role in determining the strength and
evolution of the adhesive force in these contacts. More
experiments should be conducted in order to shed light on
what exactly causes all the different effects that we
observe. For the first time however, we actually have
obtained a quantitative insight in how MEMS contacts
evolve over a large number of contact cycles under low
force conditions. Although the cycle-to-cycle variability
decreases after ~ 10? cycles, the gradual change of the
adhesion force as a result of run-in does not stabilize, even
after 3 million cycles. This drift of the adhesion force
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during millions of cycles is comparable in magnitude to the
initial run-in drift. Silicon MEMS devices that rely on the
presence of a stable and repeatable adhesion force will
therefore not work reliably over many cycles. However, if
the intended lifetime of the device is limited, a stable ad-
hesion force can be achieved by running-in the contacting
surfaces for roughly 10% of their intended lifetime, and
keeping the total number of cycles under 260 x 10°.

Appendix A: Gradual pullback and contact
deformation

Due to the sub-nanometer resolution of our measurements
we have observed some interesting effects that do not
affect the main story and conclusion of this chapter, but
deserve some publicity nonetheless: inelastic contact
deformation (ICD) and gradual pullback.

After the ram is snaps into the counter surface and Fe
(and therefore Fonaet) 1S increased, the contact will always
deform somewhat, due to the non-zero compliance of both
the contact itself and the counter-surface suspension. In the
case of elastic contact deformation, the displacement of the
ram is independent of time and history, and the forward
and backward voltage-displacement curves will overlap. In
the case of inelastic contact deformation, the contact will
deform permanently (at least within the time-frame of the
measurement) when F, is increased, and as a result the
forward and backward voltage-displacement curves will
not overlap.

Gradual pullback is measured when the ram does not
snap-off from the counter surface in one discrete jump, but
gradually retracts several nanometers before it snaps-off. In
some cases, this ‘gradual pullback length’ appears to match
the amount of ICD. Both ICD and gradual pullback can be
present after any number of contact cycles, as is shown in
Figs. 10 and 11.

Figure 10 shows the voltage-displacement curve of the
first measured cycle in experiment G. It is one of the
smoothest curves in all of the experiments, with a dis-
placement noise of only 0.21 nm RMS. However, a tiny
small amount of inelastic contact deformation (ICD) and
gradual pullback can still be discerned.

Figure 11 shows the voltage displacement curve of the
445th curve of experiment D. In addition some elastic
contact deformation, both ICD and gradual pullback are
visible. The contact does not deform immediately after the
ram makes contact with the counter surface but only after
Vact has been increased by an additional ~7V. In this
measurement, ‘gradual’ pullback does not happen gradu-
ally, but happens in one discrete jump to the same
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Fig. 10 The voltage-displacement curve of the first cycle of
experiment G, zoomed in around the voltage region in which contact
is made and broken (the maximum voltage in this measurement is 85
V). A small amount of inelastic contact deformation is visible just
after snap-off, and an equally small amount of gradual pullback can
be discerned just before snap-off

displacement at which the ram and counter surface first
made contact, before the contact was deformed.

This behavior can be explained by the assumption that
the initial contacting surfaces have two large asperities that
first make contact tip-to-tip, but with a slight misalignment.
After a certain increase in force, the asperities start to slide
sideways, until they settle into a more stable contact. When
F,.; is decreased, the ram will first move back to the initial
contact position before snapping off.

Figure 12 shows the voltage displacement curve of the
last cycle of experiment D. Both gradual pullback and ICD
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Fig. 11 The voltage-displacement curve of the 445th cycle of
experiment D, zoomed in on the voltage range in which the ram
and counter surface are in contact. The contact remains stable for a
while (1) until 81.5 V, where the ram slides a bit further (2) and settles
itself into a more stable position (3). The ram snaps-off in two
discrete steps. The length of the first jump matches the amount
contact deformation
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Fig. 12 The voltage-displacement curve the last cycle of experiment
D. While the ram pushes into the counter surface. A significant
amount of inelastic contact deformation (ICD) can be seen, as well as
a smooth gradual pullback before snap-off

are clearly visible, but look very different compared to
Fig. 11. The contact deforms at a much lower force than
before and gradual pullback happens very smoothly over a
distance of ~ 6nm, almost twice the amount of inelastic
contact deformation.

The decrease of the force required to push the ram into
it’s favored position (situation (3) in Fig. 11) is likely
caused by a smoothing of the sliding asperity, and a
decrease of the local friction force. We currently have no
solid explanation for the origin of the smooth and long
gradual pullback, but we believe it to be caused by the
in situ tribo-synthesis of a viscous compound. Crushed
together by the contact force, hydrocarbon contaminants
may have combined with water and SiO, debris, forming a
nm-thick silicone-like substance on the surface.

Figure 13 show the gradual pullback length versus the
number of elapsed contact cycles for all the experiments
discussed in this chapter. The plotted values are the median
values of the gradual pullback lengths in each measurement
set of consecutive cycles. In experiments D and J4 the
gradual pullback effect appears quite suddenly, after
10%t010% cycles. In experiment G the effect also appears
suddenly, but only after ~ 10> cycles. In experiments H
and J4, the gradual pullback length increases more gradu-
ally, but suddenly becomes much higher and somewhat
erratic between 10*t010° cycles. Experiment B, with the
highest relative humidity of 26%gy, shows no gradual
pullback across the entire range of contact cycles.

Gradual pullback was notably absent in the experiment
with B which was performed at 26%gy. The dramatic
gradual pullback effect that we observed in previous
work (Kokorian et al. 2015) at 40 4= 10%gry was com-
pletely absent. Taking into account that the devices used in
the experiments of the current chapter were much newer
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Fig. 13 The gradual pullback length versus the total number of
elapsed cycles. The data points represent the median of each set of 20
consecutive measurement cycles

than the devices used in Kokorian et al. (2015) and hence
much less contaminated, it appears that the device’s con-
tamination history plays a more important role than relative
humidity at these low humidity levels, possibly except in
the case of experiment B (26%gy).

Acknowledgements We would like to thank Arjan Beukman for his
kind help on wirebonding our devices and Guido Jansen for useful
insights about the interpretation of our data.

Funding This work has been financially sponsored by the Dutch
NWO-STW foundation in the ‘Vidi’ program under Ref No. 10771.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Asay DB, Dugger MT, Kim SH (2008) In-situ vapor-phase lubrica-
tion of mems. Tribol Lett 29(1):67-74. https://doi.org/10.1007/
$11249-007-9283-0

Buja F, Kokorian J, Sumant AV, van Spengen WM (2015) Studies on
measuring surface adhesion between sidewalls in boron doped
ultrananocrystalline diamond based microelectromechanical


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11249-007-9283-0
https://doi.org/10.1007/s11249-007-9283-0

Microsystem Technologies (2021) 27:3829-3839

3839

devices. Diamond Relat Mater 55:22-31. https://doi.org/10.
1016/j.diamond.2015.02.008

Carpick RW, Salmeron M (1997) Scratching the surface: fundamental
investigations of tribology with atomic force microscopy. Chem
Rev 97(4):1163-1194. https://doi.org/10.1021/cr960068q

Kokorian J, Buja F, van Spengen WM (2015) In-plane displacement
detection with picometer accuracy on a conventional micro-
scope. J Microelectromech Syst 24(3):618-625. https://doi.org/
10.1109/IMEMS.2014.2335153

Kokorian J, Staufer U, van Spengen WM (2015) Atomic scale
adhesion phenomena in a two million cycle sidewall contact
experiment. In: Proceedings of the 18th International conference
on solid-state sensors, actuators and microsystems (transducers),
pp 772-775. https://doi.org/10.1109/TRANSDUCERS.2015.
7181037

Legtenberg R, Groeneveld AW, Elwenspoek M (1996) Comb-drive
actuators for large displacements. J Micromech Microeng
6(3):320. https://doi.org/10.1088/0960-1317/6/3/004

Maboudian R, Ashurst WR, Carraro C (2002) Tribological challenges
in micromechanical systems. Tribol Lett 12(2):95-100. https://
doi.org/10.1023/A:1014044207344

MEMSCap (2020) http://www.memscap.com/mems-development-
and-manufacturing-services

van Spengen WM (2010) Hints of atomic scale phenomena in
adhesion and friction measurements with mems devices. Tribol-
ogy 4(3):115-120. https://doi.org/10.1179/
175158310X12678019274165

van Spengen WM (2015) A physical model to describe the
distribution of adhesion strength in mems, or why one mems
device sticks and another ‘identical’ one does not. J] Micromech
Microeng 25(12):125012. https://doi.org/10.1088/0960-1317/25/
12/125012

Zhao YP, Wang LS, Yu TX (2003) Mechanics of adhesion in mems—
areview. J Adhes Sci Technol 17(4):519-546. https://doi.org/10.
1163/15685610360554393

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.diamond.2015.02.008
https://doi.org/10.1016/j.diamond.2015.02.008
https://doi.org/10.1021/cr960068q
https://doi.org/10.1109/JMEMS.2014.2335153
https://doi.org/10.1109/JMEMS.2014.2335153
https://doi.org/10.1109/TRANSDUCERS.2015.7181037
https://doi.org/10.1109/TRANSDUCERS.2015.7181037
https://doi.org/10.1088/0960-1317/6/3/004
https://doi.org/10.1023/A:1014044207344
https://doi.org/10.1023/A:1014044207344
http://www.memscap.com/mems-development-and-manufacturing-services
http://www.memscap.com/mems-development-and-manufacturing-services
https://doi.org/10.1179/175158310X12678019274165
https://doi.org/10.1179/175158310X12678019274165
https://doi.org/10.1088/0960-1317/25/12/125012
https://doi.org/10.1088/0960-1317/25/12/125012
https://doi.org/10.1163/15685610360554393
https://doi.org/10.1163/15685610360554393

	The initial run-in and long-term drift of the adhesive force between polycrystalline silicon MEMS sidewalls
	Abstract
	Introduction
	Theory: how to determine the adhesion force from displacement
	Experiments
	Adhesion sensor
	Measurement setup
	Adhesion measurements
	Environmental conditions

	Results
	Discussion
	An empirical model to describe the adhesion force drift
	The simple log(n) fit model
	The random walk model
	Discussion

	Conclusion
	Appendix A: Gradual pullback and contact deformation
	Funding
	References




