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INTRODUCTION

“For every complex question,
there is a simple answer. And it
is wrong."

(Andreas M. Antonopoulos)

My grandfather once set out to build an engine that would run forever, and would even
generate more energy in the process: a perpetual motion machine. It didn't work of course,
because of the most fundamental property of our universe we know of: the second law of
thermodynamics. The second law states that entropy always increases, which popularly
translates to “chaos always increases” or “there is no such thing a free lunch”. Chaos theory
and pseudoscience aside, the second law has a far more mundane consequence, which
prevented my grandfather from solving the 1970s oil crisis, but enabled our prehistoric
ancestors to make fire: when two things are rubbed together, they get hot.

This book is about the things that happen when things touch each other, and also about
the things that happen when things move while touching each other; adhesion science
and tribology.

For millennia, people have been trying to control the forces of adhesion and friction.
Figure 1.1 shows the earliest image we have of a tribologist at work. It depicts an ancient
Egyptian dumping a slurry in front off a sled that carries a huge stone statue, and it dates
back to the year 2000 BC. The study of tribology has existed ever since, and we invented
many more lubricants to make things slippery, rubber compounds to make things grippy,
adhesives to make things sticky, and hard ceramics to make things durable.

Despite numerous innovations however, many problems associated with friction in par-
ticular remain unsolved. A large part of the world’s energy production is lost as heat in
the frictional contacts of machinery. Finding a structural way to decrease the amount of
friction between moving components, even by a tiny fraction, would save vast amounts
of energy.
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SARRBRTE

Figure 1.1.: The ancient Egyptian dumping the liquid in front of the sled that carries the
huge statue may well be the first tribologist in recorded history [1].

1.1. CONTACT MECHANICS AT DIFFERENT SCALES

Adhesion science and tribology are two branches within the multi-disciplinary field
of contact-mechanics, which involve traditional sciences such as chemistry, physics,
materials science, as well as many engineering sciences. Research on contact mechanics
is split into three different fields: macro-scale contact mechanics, nano-scale contact
mechanics, and meso-scale contact mechanics.

The field of macro-scale contact mechanics is occupied with modelling and acquiring data
on lubricants, friction coefficients and wear rates, under a large number of circumstances.
This is extremely valuable information for designing a large (‘macro’) mechanical system
like an engine, a mars rover, or a oil drill. Much of the macro-scale tribological research
has a direct application in engineering.

The field of nano-scale, or atomic-scale contact mechanics, is relatively young, and is
occupied with the study of adhesion, friction and wear on a more fundamental level.
Great advances have been made in our understanding of atomic scale friction due to the
invention of the Atomic Force Microscope (AFM), and in particular the Friction Force
Microscope (FFM). In both forms of microscopy, an atomically sharp needle on the tip of
a micro-meter sized cantilever is used to measure atomic-scale forces, and can resolve
individual atoms on a surface.

The difference between the physics of a macro-scale contact and an atomic scale contact
is the number of points, or asperities at which the contacting surfaces actually make
intimate contact. In a macro-scale contact, the number of asperities approaches infinity.
The consequence of this is that the complex physics of the individual asperities are
‘averaged out’, and only phenomenological models can be created.

Atomic-scale contacts, on the other hand, have only a single asperity: the tip of the
FFM. Mechanically, this is a much simpler system, and the Prandtl-Tomlinson model [2]
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predicts the tip motion of an FFM with reasonable accuracy. There are phenomenological
models [3-7] which predict the behaviour of macro-scale friction forces to a certain
extend. However, the differences in experimental conditions between atomic- and macro-
scale contacts are simply too great to create a model capable of predicting the tabulated
macro-scale data from first principles.

The missing link is to be found at the meso-scale, which sits in between the macro-scale
and the atomic scale. The number of asperities in a meso-scale contact is larger than one,
but too small to be considered infinite. As we shall see, this means that the meso-scale
combines the disadvantages of both the atomic-scale and the macro-scale. Everything is
very small, and it is hard to model.

Unlike atomic-scale contact mechanics though, research on meso-scale contacts has
direct practical relevance to the domain of microsystems and microtechnology, and in
particular to the design of microelectromechanical systems (MEMS).

1.2. MICROELECTROMECHANICAL SYSTEMS (MEMYS)

Since the invention of the transistor in 1947, the electronics industry has strived to make
transistors as small as possible. Decreasing the size of a transistor makes it faster, more
energy efficient, and allows more of them to be squeezed into the same area. In the
early days, transistors were discrete components that were soldered together manually, in
order to create functional electrical circuits. The tedium of manual assembly was reduced
significantly with the invention of the Integrated Circuit (IC): a single, monolithic piece
of silicon that contains all the transistors and the interconnections between them. ICs
are fabricated in complex processes involving multiple steps of photolithography. These
processes are incredibly expensive to setup and run, but they eventually allow thousands
of identical ICs to be created in a single batch, which reduces the cost per device to almost
nothing. Due to the industry’s continuing success in keeping up with Moore’s law [8], the
component density of ICs doubles every 18 months, and transistors with channel lengths
as short as 5 nm are now a reality.

The same technology used to fabricate ICs can also be used to make small mechanical
structures, called microelectromechanical systems (MEMS). Many MEMS devices have
already found their ways into our daily lives, the sensor that triggers the airbag in a car,
the accelerometers, gyroscopes, and microphones in smartphones, inkjet printer heads,
and the two-dimensional arrays of tiny mirrors that create the image in a digital projector
(see figure 1.2).

These are just the examples of the prevalent commercial successes, but there is a myriad of
experimental devices being developed: femtoliter pipettes [9], scanners [10, 11], Coriolis
mass-flow sensors [12], automatic optical fiber aligners [13]... The list is almost endless
and keeps growing.

Replacing existing components by equivalent MEMS alternatives can lower the costs per
unit significantly, because of the advantages provided by the IC manufacturing technol-
ogy. More importantly, however, the behaviour of MEMS devices can be vastly different



4 1. INTRODUCTION

Figure 1.2.: The Texas Instruments Digital Micromirror array. The only commercially
successful MEMS device that relies on touching components for its operation.
The DMD can be found in many beamers, where it modulates a uniform light
source into an image. Each mirror can be in ‘on’ position, where it reflects the
light towards the projector lenses and the pixel is at maximum brightness, or
in an ‘off’ position, where it reflects the light onto a heat sink, and the pixel
is fully dark. Different grayscale values are created by alternating the mirror
between its on and off state at a high frequency. Image source: wikimedia
commons.
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compared to an equivalent macro-scale machine, because the laws of physics manifest
themselves differently at small scales. This unlocks many new possibilities and applica-
tions, while simultaneously opening up a Pandora’s box of challenges to overcome.

1.3. SCALING DOWN MECHANICAL SYSTEMS

The behaviour of any mechanical system is determined by the balance between a number
of forces: gravity, inertial forces, magnetic forces, electrostatic forces, adhesion, friction,
etc. All forces are proportional to the scale of the system. When a system is scaled down
in size, all forces decrease in magnitude, but they do so at different rates. This results in a
change of the force balance, which creates many possibilities. The decrease of inertial and
gravitational forces in particular, shifts the force balance in a positive manner. For exam-
ple, diamagnetic forces are usually negligible. At micrometer dimensions however, they
are much stronger than gravity, enabling futuristic scenarios such as passive levitation of
magnets [14, 15] and droplets of water [16].

1.3.1. UNRELIABILITY BECAUSE OF SCALING

However, not all scaling effects are beneficial. When mechanical components are sized
down far enough, forces that are proportional to surface area will become dominant over
forces that are proportional to volume. This means that adhesion and friction forces will
dominate the behaviour of systems with contacting surfaces.

An important aspect of downscaling a mechanical system is that only the features that are
designed by the engineer are actually scaled: the structure and roughness of the materials
does not change. When two surfaces come into contact in a macro-scale contact, the
number of points at which the surfaces make contact approaches infinity. In a MEMS
device this is not the case, which has an important consequence: the size and shape of
the contact become dependent on the exact location of the contact [17]. This is illustrated
in figure 1.3. Every mechanical contact is fundamentally different, even though the
roughness statistics of the contacting surfaces are identical. This effect causes a large
spread in contact phenomena within a single device and between separate devices.

The dominance of surface interactions in MEMS combined with their unpredictability
has a detrimental effect on the reliability of small scale devices that depend on touch-
ing or sliding components for their functionality. This is best illustrated with a small
thought experiment, downscaling an everyday macro-scale scenario to the micro-scale.
First we will focus on what happens when two objects first make contact, and treat the
phenomenon of adhesion. Then we will focus on what happens when objects slide, and
treat the phenomenon of friction.
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Figure 1.3.: Schematic overview of a meso-scale multi-asperity contact and a nano-scale
single asperity contact. The meso-scale differs from the nano-scale by the
number of contact points, or asperities between two contacting surfaces. A
single asperity means nano-scale, an infinity number of asperities means
macro-scale, and everything in between means meso-scale.

ADHESION

Adhesion refers to the phenomena of ‘things sticking together’. This always happens when
two objects touch each other, even when the effect is unnoticeable on a macro-scale.
When you place a glass of milk on a table for example, the glass and the table will stick
together. The reason we don’t notice this when we pick up the glass, is that the glass
is relatively heavy, and our muscles are very powerful by comparison. The extra force
required to overcome the tiny adhesion force that glues the glass to the table is completely
irrelevant compared to the force of gravity we already needed to overcome in order to lift
the glass into the air.

We may notice some adhesive forces when the glass has a flat bottom, and the table is
slightly wet. This is because of capillary effects that ‘suck’ the water out from underneath
the glass, forming a ring around the edge. Although in this case we would notice the
adhesion force, our muscles are strong enough to overcome it.

Now imagine we make everything a factor of s = 10* smaller, creating a MEMS version
of the glass, the table, and ourselves. The force generated by our muscles, as well as the
force of gravity generated by the mass of the glass, are proportional to their respective
volumes. Both forces therefore decrease by a factor of s3> = 10'2. The surface area of the
bottom of the glass on the other hand, decreases only by a factor s> = 108. Adhesion forces
scale with surface area, which means that compared to the force of gravity, the force of
adhesion has become ten thousand times more relevant to our microscopic muscles than
it was originally.

If our original glass has a mass of 200 g and its bottom has a diameter of 5 cm, the MEMS
version of it would have a diameter of 50 pm: roughly the thickness of a human hair. Its
mass would be a mere 200 pg: a tiny speck of dust. Assuming the table is of the ‘rustic’
kind: not very clean and full of dents and grooves, the MEMS table would still be exactly
as rustic as before, even though its total area will have decreased. This is because the
dimensions of the topological imperfections of the table surface are a material property,
which does not scale down with the dimensions of the system.
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When we now put down the glass on the table, it matters at what exact position we do so.
The bottom of the original glass covered multiple grooves and dents, but the MEMS glass
will now fit entirely inside one single groove. Moreover, the adhesive force generated by
the capillary action of the water on the table surface, will suck the glass down and trap it
there permanently, an effect referred to as stiction. Our tiny muscles will not have enough
strength to pull it free again.

FRICTION

Friction is what happens when things are rubbed together. Usually when friction is to
high, you apply an appropriate lubricant, or when friction is too low, you sprinkle some
sand between the rubbing parts, or you make one of the parts out of rubber. For macro-
scale mechanics, a wealth of empirical data is available on the magnitude of the friction
force for different materials, at different pressures, temperatures, with different lubricants,
etc. This makes it relatively straightforward to select the proper materials and lubricants
for a specific engineering purpose.

At the micro-scale, things are rather different, and we will see why by reverting to the
example of the MEMS glass on the rustic table. Imagine now that the table still has all of
its grooves and dents, but has been thoroughly cleaned and dried, reducing the capillary
adhesion force to zero. Furthermore, imagine scaling everything down further by a factor
100, to a total scaling factor of one million. The bottom of the glass will now have a
diameter of only 500 nm, which is a realistic size for a MEMS contact.

If we would attempt to find out how much force it would require to slide our glass over the
tabletop by using the macro-scale data available on glass—wood interactions, we would
fail. This is because the data was obtained in an experiment where the surface of the glass
was in contact with a large number of wood fibers and it touched each fiber at an infinite
number of asperities.

In our earlier example we silently assumed that the glass was perfectly smooth, and the
only irregular thing about the table surface were its dents and grooves. Now, however,
the size of the glass is in the same order of magnitude as the microscopic roughness of
the glass material itself, so the number of asperities at which it touches the surface is
no longer infinite. When we set it down on the table, the tiny glass may end up exactly
between two fibers of wood, in which case it is completely stuck, and the macro-scale
data is useless. It may also end up on top of a single fiber of wood. The roughness of a
single fiber however, has no relationship with the apparent roughness of the complete
table top, so the macro-scale data is useless in this case as well.

1.3.2. INTUITION AND SMALL-SCALE PHENOMENA

Of course, the example of the MEMS glass of milk on the wooden table is a bit artificial.
No MEMS designer in his right mind would use wood as a structural material when a flat
surface is required. The issues related to capillary condensation and surface roughness
are very real, however. As we shall see now;, this is only the beginning.
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Because of the nano-meter distances and limited number of asperities involved in meso-
scale contact mechanics, we will have to deal with phenomena usually only encountered
on the atomic scale. It has been demonstrated that very thin layers of water are much
more viscous than usual, making them act as glue [18], or even turning them into ice[19].
Under some circumstances, the force of friction has been shown to vanish completely, an
effect known as superlubricity [20, 21]. Both of these phenomena are likely to manifest
themselves in meso-scale systems as well [22]. Especially the discovery of superlubricity
rekindles the hope that there may indeed be a way to lower the friction force in all
mechanical systems, large and small. Once more we are directed towards meso-scale
research, where the gap between the atomic scale and the macro scale may be bridged.

It is clear that our natural intuition for “what will work, and what won’t work”, cannot
be relied upon when reasoning about meso-scale phenomena. Tiny insects would be
much better equipped to design MEMS if they would have the mental capacity to do
so: they are used to living in a world where one can walk on water, or swim in air, and
where one can drown in a tiny bit of syrup. The only way to improve our intuition, is by
gathering empirical data, and by performing in-situ measurements of meso-scale contact
phenomena.

1.4. MEASURING MESO-SCALE PHENOMENA IS HARD

As we have seen, macro-scale empirical data and the models derived from it, cannot be
relied upon when making predictions about the behavior of micro-scale contacts. It is
therefore important to obtain data and create models specifically for micro-scale contacts.
There are two main reasons this is hard to accomplish: first, it is nearly impossible to
design an experiment that yields repeatable results under real-world’ circumstances due
to the unpredictable topology (and chemistry) of the contacting surfaces.

Second, we simply have not been able to measure what exactly happens in micro-scale
contact. Although the interaction forces between the contacting surfaces are large enough
to cause permanent failure of a MEMS device, these forces are still extremely small to
for a typical measurement instrument. The phenomena that are likely to occur in micro-
scale contact mechanics range from atomic scale forces and displacements, to almost
macro-scale forces and displacements. These quantities have not yet been measured
with sufficient resolution, and without the need to average hundreds of measurements
together.

1.4.1. MICRO-SCALE APPROXIMATION TECHNIQUES

Surface interaction phenomena in MEMS devices are often studied using techniques
common to the macro scale or the atomic scale that are adapted to replicate micro-scale
conditions. Results from AFM or FFM measurements are often extrapolated to make
claims about MEMS devices. However, the characteristic multi-asperity contact mechan-
ics of MEMS devices are very different from the single-asperity contact mechanics of an
AFM. It is possible to perform a multi-asperity measurement with an AFM by replacing
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the atomically sharp tip by a tiny sphere. However, performing an AFM measurement
on an etched sidewall of a MEMS device is highly impractical. A macro-scale version of
this device is the ball-on-flat tribometer, which suffers from the same deficit: it fails to
accurately recreate the conditions present in a real MEMS device because it does not have
the same etched surfaces. In addition, the resolution of these measurements is too low to
capture the small forces of interest.

1.5. MOTIVATION FOR THIS THESIS

With the advancements of AFM and FFM technologies, we are getting a firm grasp on the
elementary physics of friction and adhesion for single asperity, atomic-scale contacts.
Thanks to centuries of macro-scale tribology research, we also have an accurate view
of the emergent properties of many atomic-scale contacts brought together. What we
cannot do yet, is to deduce the empirical models of the macro scale, from the physical
models of the atomic scale. The reason for the existence of this knowledge gap is that we
still have a very limited understanding of the unique physics at play at the meso scale.

What we need most of all in order to increase our understanding of meso-scale contact
mechanics, is a reliable method to perform measurements inside real MEMS devices,
with sufficient resolution to expose atomic-scale details of the contact-mechanics.

1.5.1. MAIN AIM

The aim of the work described in this thesis is to find and test an experimental method
to expose the atomic-scale details of meso-scale contact mechanics. We will develop a
system to measure the atomic-scale phenomena that constitute the emergent properties
of a meso-scale contact, thereby laying the foundations that will allow a final closure of
the gap between atomic-scale and macro-scale contact mechanics.

1.6. OUTLINE

In part I, we will first treat the details of the measurement technology. In chapter 2 we
demonstrate an optical technique to measure sub-nanometer in-plane displacements us-
ing a normal optical microscope and a Charge-Coupled Device (CCD) or Complementary
Metal-Oxide-Semiconductor (CMOS) camera. We analyze how factors such as contrast,
camera resolution and light intensity influence the measurement resolution. We also
show how this method can be used to measure adhesion forces between two etched
sidewalls in a MEMS tribometer. In chapter 3 we will apply the technique for executing
high-speed measurements with a line-scan camera, and demonstrate how it can be used
to measure the dynamics of MEMS.

In part II, we will apply the measurement technique treated in part I, to study the evolution
of adhesion and friction forces in MEMS. In chapter 4 we characterize how the run-in of
sidewall contacts, and measure the evolution of the adhesion force differs between several
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‘identical’ MEMS tribometers. In chapter 5 we will demonstrate the difference in the
evolution of the adhesion force between a clean and a contaminated MEMS tribometer.
Nanometer-sized deviations in the measured displacements, indicate that a rubber-like
compound formed at the contacts, after millions of repeated contacts.

In chapter 6 we leave the topic of adhesion behind, and proceed with the measurement
of the evolution of friction forces in MEMS, during millions of sliding motions. To cope
with the large volume of raw data produced in this experiment, we introduce several new
ways of visualizing and analyzing friction force measurements. This allows us to unravel
two separate energy dissipation modes.
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MESO-SCALE MEASUREMENTS
WITH ATOMIC RESOLUTION
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AN OPTICAL IN-PLANE
DISPLACEMENT MEASUREMENT
TECHNIQUE WITH
SUB-NANOMETER RESOLUTION

In this chapter we introduce a new optical method for determining in-plane displace-
ments in MEMS with deep sub-nanometer resolution. We give a thorough analysis of
the factors that influence the measurement resolution and we validate the method by
measuring the adhesion force between two silicon MEMS sidewalls. We conclude that the
best resolution is obtained by maximizing the amount of light that illuminates the MEMS
device, and by maximizing the contrast of the digital image.

This chapter was published as a standalone journal paper [23]. Some editorial changes where added for
inclusion in this thesis.
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2.1. INTRODUCTION

2.1.1. THE OBSERVATION OF MOTION IN MEMS

Since the advent of MEMS in the 1980s, many measurement techniques have been used
to study the lateral and out-of-plane motions of these tiny devices. Although capacitive
sensing is commonly used in commercial products like accelerometers and gyroscopes,
this method has disadvantages when used in the lab due to the fact that parasitic capac-
itances cause excessive noise if the readout chip is not monolithically integrated with
the moving MEMS [24], or at least placed right next to it in the same package. Also, it is
difficult to unambiguously detect motion if it occurs in more then one dimension at the
same time, and detection speed is often limited.

For this reason, many optical motion detection methods are in use as well. Commonly
applied for out-of-plane motion assessment is laser Doppler vibrometry [25], TV holog-
raphy [26] or interferometry, either with continuous illumination [27] or stroboscopic
illumination [28]. All these techniques have in common that they provide a considerably
higher precision than the optical resolution limit, caused by the wavelength of the light
with which the object is being imaged. They accomplish this, in one way or another, by
making use of the wave nature of light.

It is difficult to use interference to enhance in-plane motion detection, which is why
considerably fewer techniques are available, and they are not employed as often as the
out-of-plane methods [29]. However, in-plane motion detection is important because
many MEMS devices exhibit in-plane motion of some sort, comb drive actuators being a
notorious example. Typical motion ranges are in the microns but can usually be controlled
down to the nanometer level. The high accuracy of these actuators calls for detection
methods to be considerably better than the raw resolution that can be obtained by simple
optical imaging. The resolution of optical microscopy is limited roughly by the wavelength
of the light being used, which is known as the Rayleigh criterion or the optical diffraction
limit. In a typical high-quality microscope this amounts to around 500 nm. In this chapter,
we present a powerful method to circumvent this limit.

2.1.2. IN-PLANE MOTION DETECTION TECHNIQUES CIRCUMVENTING THE
RESOLUTION LIMIT

Several methods exist that enhance the resolution of in-plane motion detection beyond
the Rayleigh criterion to monitor the motion of MEMS devices.

For studies on relatively large-scale motion, as in the assessment of the reliability of the
rotating gear train MEMS devices of Sandia National Laboratories [30], no sub-wavelength
resolution was actually required. Simple edge enhancement was sufficient to obtain an
accurate measure for the rotational angle of the cogwheels. To follow the fast moving
microscopic parts, stroboscopic illumination was employed.

Widely used is digital image correlation [31, 32], a method that has been investigated
thoroughly by Davis and Freeman [33]. Guo et al. [34] use a similar technique based on
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optical flow: a mathematical concept that formalizes the concept difference between two
images in terms of motion, which can be calculated using image correlation.

The basic principle is that a shifted version of an image of a device at rest, the ‘template’, is
used to find the position of the device in another image that is made when displacement
has taken place. The image of the device is assumed to be constant in shape and intensity,
and hence by shifting the template image progressively with respect to the new image
B and calculating the correlation for every position, a maximum can be found in the
correlation function that corresponds to the new position. To find this position accurately,
the template image needs to be displaced by sub-pixel amounts, which means that a
new image needs to be generated by interpolation between the pixels of the original
template. Results with nanometer resolution can be obtained, and even sub-nanometer
if spatio-temporal filtering is employed [35, 36]. The latter technique however, requires
the motion of the device to be smooth, without any jerks or sudden stops. If the motion is
jerky, this will be smoothed due to the filtering.

Powerful as the technique may be, one drawback seriously limits the accuracy with
which motion can be detected. Kleinemeier [37], and Davis and Freeman [38] have
shown that the interpolation required to obtain the shifted version of the template image
causes systematic errors when noise is present in the system. These errors are more
or less sinusoidally varying over the displacement by less than a single pixel. Under
extreme circumstances, this can result in systematic position determination errors up to
a significant portion of a single image pixel. Although the use of proper light conditions
and sophisticated detection algorithms can mitigate the effect to a large extent, the error
is always there at some level.

A technique reported by Yamahata et al. [39] uses Fourier analysis with great success. They
extract the position of a feature from the phase of the discrete spatial Fourier transform of
an image. When analyzing a time-series of images, typically a movie of a moving device,
the movement of the feature can be tracked by observing how the phase-shift of the
principal peak in the frequency spectrum changes. The technique works especially well
with periodic features, multiple parallel beams for example. The resolution depends
strongly on the number of feature periods and can become as precise as 0.2 nm (root-
mean-square).

Burns and Helbig [40] use a clever approach for high-speed imaging. They describe a
setup in which fast resonances of MEMS devices are tracked by investigating how much
motion-related blur would appear when an image is taken with a long acquisition period
compared to the period of the motion, which they call the ‘blur-synthesis technique’. The
amount of motion-induced blur is investigated by adjusting a reference image of the same
device at rest by calculating what it would look like if a certain amount of motion-induced
blurring would take place. By comparing these artificial images with the measured images
containing motion-induced blur using y?-minimization, they are able to extract very
precise resonance curves using a relatively standard microscopy system.

Atechnique that was recently reported, which is capable of reaching a very high resolution
(< 1.8nm), is based on a MEMS-based movable grating that rotates due to the motion of
linearly moving comb drives [41] of which the motion is to be determined. The direction
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of the reflection of a laser which is incident on the grating changes with the rotation,
which allows a type of detection that is quite similar to the detection of out-of-plane
cantilever motion in AFM systems. The laser light is incident on a photosensitive detector
and changes in illumination can be very accurately monitored. Disadvantage of this
technique is of course that it requires dedicated structures, and hence it cannot be used
on most devices. Also, the detection is only indirect: the rotation of a dedicated structure
is monitored instead of the primary linear motion.

We may conclude that there are many techniques available that provide a better in-
plane displacement resolution than the optical diffraction limit. However, many of these
techniques are limited by periodic errors, cannot be used for measurements of ‘jerky’
motions, or require the integration of complicated mechanical structures. Yamahata et al.
[39] reports the lowest position noise so far using Fourier analysis. Can we do better?

The technique that we report on in the current chapter is based on fitting a mathematical
model of the intensity variations of the image to detect motion between images. Pioneered
for imaging by Hachicha and Simon [42], this is a very powerful technique that, to our
knowledge, has never been applied to MEMS device monitoring. It is similar to the way
the position of a peak is found in a spectrogram, for example to detect shifts in the Raman
spectrum of mono-crystalline silicon under the influence of mechanical stress [43].

2.2. METHOD AND THEORY

We will explain our technique using the comb drive based nano battering ram [44] shown
in figure 2.1a. For our purposes here, the intended function of the device (measuring
adhesion) is not important. We could have used any linear MEMS actuator.

The inset of figure 2.1a shows a close-up of the ram, the counter-surface and the anchor
point for one of the springs. An even smaller area with just two sections of the support
springs is to the right. The left beam is a small section of the support spring close to the
ram and the right beam is a section of the support spring close to the anchor. When the
ram moves, the left beam will move with it, but the right beam remains stationary.

The pixel intensities of each image line plotted against the pixel x-position will show
a similar ‘intensity profile’ with two distinct peaks of which the positions corresponds
to the positions of the two beams. When the intensity profiles of all lines are summed,
a much smoother curve is obtained, as is shown in figure 2.1b. If we manage to find a
mathematical function that roughly matches the shape of a peak, we can apply a curve-
fitting algorithm to find the value of the parameter that describes its center position. This
technique is routinely used in many kinds of spectroscopy. A thorough investigation
into the uncertainty of extracted peak position has recently been conducted by van
Spengen [45] and we will use his theory here to investigate which parameters influence
the measurement precision.

There are several ways to choose an appropriate fit-function to match the shape of
the intensity profile. One way is to mathematically ‘design’ an algebraic function that
resembles the intensity profile. The function should have a parameter xj that determines
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Figure 2.1.: lllustration of the curve fitting procedure for detecting sub-pixel displace-
ments. Figure 2.1a shows a ‘nano ram’ MEMS adhesion sensor [44]. The
ram can be moved by a comb drive actuator until it makes contact with a
counter-surface. To measure displacement of the ram, a small region of in-
terest is selected that shows two beams of which one remains stationary and
one shows the same movement as the ram. Each horizontal line of pixels
shows a similar intensity profile of which four are plotted as an overlay. Fig-
ure 2.1b shows the intensity profile that results from vertically summing over
all the pixels of the region of interest before and after the left beam has been
displaced by about 27 pixels. By fitting a function with a center position pa-
rameter, f(x, xo) to both the left and right peak separately, the position ‘x4’ of
the left beam with respect to the right beam is found using d = xg Jeft — Xo,right-
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its horizontal shift. The advantage of this method is that it is impossible to accidentally
incorporate some of the noise in the fit function. The disadvantage is that a specific
function is required for every different type of intensity profile.

A more practical approach is to extract the function from the intensity profile itself by
creating an algebraic representation of it in the form of a spline interpolation function
s(x). Splines can be created automatically from any array of data by most data-analysis
programs. This technique has the disadvantage that all the noise on the profile is also
incorporated in the spline function which introduces periodic errors [38]. It should
therefore be smoothed or filtered to get rid of the noise. The spline can then be used as a
fit function by modifying it with a shift-parameter xy and optionally a variable amplitude
A and offset y as shown in equation (2.1).

fx)=A-s(x—x0)+ yo 2.1

Parameters A and y are not essential, but can help the fit algorithm converge more easily
if the amplitude of the intensity profile varies somewhat due to light source intensity
fluctuations because of focal drift during a long measurement.

2.2.1. UNCERTAINTY ANALYSIS

The uncertainty of the fitted parameter xj is determined by the amount of noise on the
intensity profile and the number of pixels that the ‘moving part’ of the intensity profile is
spread across [43, 45].

The camera pixel noise has four components: electronic read noise, quantization noise,
dark current, and photon shot noise. Read noise originates in the electronic read-out
circuitry of the image sensor. Dark current refers to the current of electrons that are spon-
taneously freed, without a photon actually hitting the sensor. The amount of dark-current
electrons per second depends exponentially on the sensor temperature. In applications
that involve very long exposure times or little light, such as Raman spectroscopy and
astronomy, the dark current typically dominates the noise figure, which is why CCD
sensors used in Raman spectroscopes and large telescopes are often cooled with liquid
nitrogen. In bright field microscopy the read noise and dark current are usually orders
of magnitude lower than quantization noise and shot noise so we will further disregard
them in this chapter for the sake of brevity.

SHOT NOISE

Photon shot noise is caused by the fact that for a constant light intensity, the number of
photons that are detected within a certain exposure time will vary. This is a fundamental
property of light itself and has nothing to do with the architecture of the camera or the light
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source. Shot noise can be described as a Poisson process with parameter A = Nphotons,px-
The signal to shot-noise ratio is given in equation (2.2),

N, hotons,px
SNRshot = — Nphotons,px (2.2)

N, photons,px

where ‘Nphotons,px” is the number of detected photons. The only way to increase it, is to
maximize the amount of light that is captured by the sensor. The lower limit of shot noise
is then determined by the number of photons that a pixel can detect before it saturates:
the full-well-depth (FWD). The full-well-depth is usually expressed as the maximum
number of electrons that can be stored on a pixel capacitor.

Important to remember is that the shot noise is related directly and exclusively to the pixel
intensity, but in a slightly counter intuitive way: more photons means more shot noise.
However, because the noise is equal to the square-root of the amount of photons, the net
effect is positive and the signal-to-noise ratio increases for a higher number of photons.
Equivalently, the relative uncertainty of a pixel value due to shot noise decreases.

QUANTIZATION NOISE

Quantization noise originates from the limited amount of digitization levels available
for digitizing a pixel intensity. Most CMOS and CCD cameras have an analog-to-digital
converter (ADC) with a bit-depth of 8,12 or 16 bits, yielding 256, 4096 or 65 536 quantiza-
tion levels. The quantization error €4 has a uniform probability density function within
each quantization step: p(eq) = 1/q for —q/2 <eq < q/2. Where q = IFWD/(Z{)\LS —1). The
root-mean-square error can be calculated by integrating the probability density times the
error squared:

oo
q Irwp
erms = (€Qleq” = == —"——, 2.3)
e f_oop vz vizeel -
and the signal to quantization noise ratio ‘SNRy’ becomes:
Tox — Ipx N
SNRq = = V12 (2"is — 1) 2.4)

ems IrwDp

Where I is the pixel intensity, Irwp is the full-well-depth and Ny is the number of
digitization bits.

TOTAL PIXEL NOISE

The relative contributions of shot noise and quantization noise are shown in figure 2.2.
The pixel intensity is expressed as a percentage of the full-well-depth, which is a fixed
number for a given camera that may vary a little per pixel. It can only be increased by
buying a different camera or by adding the analog values of a number of adjacent pixels
before they are digitized by the camera ADC. Figure 2.2 shows that for cameras with a
full-well-depth of around a thousand electrons, the error is always determined by the
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Figure 2.2.: The noise-to-signal ratio per pixel due to shot noise and quantization noise
versus the relative pixel intensity IF\P/‘;(D . The quantization noise is shown for
sensors with 8, 12 and 16 bits AD-converters. The shot-noise is drawn for

sensors with a full-well depth of 1000, 10 000 and 100 000 electrons.

shot noise. The bit-depth of the ADC can become an issue when pixel values are ‘binned’
before quantization. Binning an amount of Ny pixels effectively increases the full-well-
depth by a factor N,y and consequently increases the signal-to-shot noise ratio by a factor
/Npx, making the quantization noise the dominant source of noise.

IMAGE CONTRAST

Thus far we have dealt with the noise of a single pixel, but to understand the contribution
of image contrast to the eventual position detection noise we need to consider the inten-
sity profile as a whole. Because we are fitting a parameter that corresponds to horizontal
shift, the curve fit accuracy is not influenced by the addition of a constant offset to the
intensity profile. This means that the presence of a non-zero background does not add
anything to the position noise directly. However, because the maximum value that any
pixel can have is physically limited to the full-well-depth of the image sensor, having a
non-zero background effectively reduces the amount of pixel values available for the peak
and reduces the signal-to-noise ratio.

In addition, any non-zero pixel automatically contains shot noise (see equation (2.2)),
so the brighter the background, the more noise it contains. Because having a lighter
background automatically means having less contrast (because of the upper limit of
determined by the FWD), the peak will drown in the shot noise of the background pixels.
The dominant source of noise is now still shot noise, but it originates from the background,
not from the signal.

We have modeled the effect of having a brighter background and smaller contrast by
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Figure 2.3.: The relative increase in the position error that results from the curve fitting
algorithm due to limited contrast. Generated using a Monte Carlo simulation
with Nyic = 10000. The maximum value of the peak was kept at 90 %rwp while
the background intensity was varied.

doing a Monte Carlo simulation of a simple Gaussian peak with an offset and simulated
shot noise. The maximum peak value was kept at 90 %pwp while the background intensity
was varied from 0 %gwp to 90 %rwp for three different values of the full-well-depth. For
each combination of parameters we simulated 1000 realizations of the Gaussian intensity
profile and performed a curve fit to obtain an estimate for the center of the peak.

Figure 2.3 shows the relative error increase due to limited contrast  (c) against the contrast
expressed in %pwp. To obtain the curve, the standard deviation of the peak position
parameters of the 10 000 realizations of the Gaussian intensity profile were normalized
to the lowest value, which was obtained for a background intensity of 0 %rwp and a
corresponding contrast of 90 %rwp. When the background intensity approaches 90 %pwp,
the contrast goes to 0 %rwp and the fit error goes to infinity. The graph clearly shows that
the relative error increase due to the presence of a non-zero background is independent
of the absolute value of the full-well-depth.

In a real measurement the contrast will be determined mainly by the material and surface
texture of the sample that is being imaged, and of the quality and focus of the optics that
are used. If the peak is out of focus or if the optics are not diffraction limited, a smaller
contrast will result.
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RESOLUTION AND PIXEL BINNING

The uncertainty of the position parameter x that is found with the curve fit procedure
also depends on the resolution of the camera. Or more precisely, on the amount of pixels
the ‘beam’-part of the intensity profile is spread across.

Binning a number of Ny adjacent pixels has the combined effect of lowering the effective
resolution and raising the effective intensity per pixel which increases the signal-to-shot
noise ratio SNRgho¢- van Spengen and Roca [43] and van Spengen [45] have demonstrated
that the negative effect of the decreased resolution is exactly compensated by the positive
effect of the increase of the signal-to-shot noise ratio.

However, this theory is only true when we consider only a single line of pixels and we are
binning the pixels horizontally. When binning pixels vertically, the resolution remains
the same, but the signal intensity increases with the number of vertically binned pixels
Njines Which increases the signal-to-shot noise ratio by a factor 1/ Njjnes. Vertical binning
can sometimes be performed on the sensor chip itself, but it amounts to exactly the same
thing as vertically summing over a number of lines after the image has been captured.

OPTICAL MAGNIFICATION

The knowledge that spreading the signal over a larger number of pixels does not affect
the position uncertainty [45] has an interesting consequence for the amount of optical
magnification required. Placing a magnifying lens in front of the camera or increasing the
camera resolution (by choosing a different camera) will spread the signal over a larger
number of pixels, but the total amount of light that is captured will remain the same. This
lowers the average pixel intensity and consequently decreases the signal-to-shot noise
ratio SNRqpot, Which according to the theory is counteracted exactly by the positive effect
of spreading the signal over a larger number of pixels. When acquisition speed is not an
issue, the exposure time of the camera can be increased to increase the pixel intensity.
This allows more light to reach the sensor and lowers the position uncertainty.

If the sample is illuminated through the microscope objective, an objective with a higher
magnification will cause more light to be focused on the area of interest, which increases
the signal-to-shot noise ratio SNRy,o¢ and directly results in a lower position uncertainty.
Again, this happens because more photons are captured from the interesting part of the
intensity profile, not because it is spread across a larger number of pixels.

PERIODIC STRUCTURES

When the maximum amount of light possible for the optical assembly has been reached,
the only way to further decrease the uncertainty of the fitted parameter is to spread the
signal over more pixels by making the feature that is fitted wider, for example by looking
at a periodic pattern of beams instead of just a single beam. This effectively increases
the signal-to-shot noise ratio, in this case by increasing the amount of information in
the signal. Fitting a single function through a pattern of beams will result in a shot noise
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reduction of , / ﬁ, where Nperiods is the number of beams, resulting in a proportionally
periods

lower position noise. This is exactly the same as fitting a function through each beam
in the pattern, determining the position of each individual beam and averaging the
results. Because the noise is statistically independent for each pixel, the uncertainty
decreases with the square-root of the number of averaged values (standard error). This
trend corresponds to the recommendation by Yamahata et al. [39] to use a large number
of periodic structures to get a higher precision, when using the Fourier transform method
mentioned earlier. The highest resolution found by Petitgrand and Bosseboeuf [36] was
obtained on a high contrast sample with a highly textured surface. Translated to our
technique, this would be equivalent to observing the collective motion of hundreds of
narrow peaks simultaneously.

TOTAL POSITION ERROR

We can summarize the findings of this section with a rule-of-thumb: make sure that the
noise per pixel is dominated by shot-noise. When that is the case, the position detection
eITor Oypos is given by equation (2.5).

1 1 1
\/Nphotons,px \/]Vlines \/Nperiods
Where ‘Nphotons,px’ is the average number of signal photons per pixel (i.e. the pixel
intensity), ‘Njines is the number of lines that are averaged or the vertical pixel binning

amount, ‘Nperiods’ is the number of periods of the pattern that is being imaged and ¢ (c) is
the effective error increase due to limited contrast (see figure 2.3).

¢ (c) (2.5)

Opos ~

2.3. EXPERIMENTS

To demonstrate the merits of the curve-fitting technique, we will show several mea-
surements using three different MEMS actuators: the nano-ram adhesion sensor comb
drive [44] shown in figure 2.1a that we used earlier in this chapter to explain the technique,
a ‘Leiden MEMS tribometer’ [46] and a novel nitrogen-incorporated ultrananocrystalline
diamond (N-UNCD) based adhesion sensor [47]. The intensity profiles of their beam
springs look slightly different, but the devices are similar in design.

The devices are placed under a Motic PSM-1000 optical microscope with a Motic ULWD50x
objective and an additional 2x magnifier lens, giving a total magnification of 100x. The
sample is illuminated through the microscope objective with a Motic MLC150C halogen
cold light source at its maximum intensity (> 1200001x). The images are taken with an
Apogee Alta F4000 interline-scan CCD camera with an average pixel full-well depth of
31000 electrons and a 16-bit analog-to-digital converter. This ensures the quantization
noise can be neglected under all circumstances (see figure 2.2).

For all measurements the microscope is focused on a small area that shows a pair of
support springs of which one moves with the translating part of the actuator and one
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remains stationary with respect to the substrate. To eliminate any unintended motion of
the camera with respect to the sample we will only consider the motion of the actuated
beam with respect to the stationary beam. The displacement of the actuated beam is
calculated by creating separate splines for the moving peak and the reference peak and
fitting them for shift parameters x,c; and x,c respectively. The movement of the actuated
beam with respect to the substrate X is then simply Xact = Xact — Xref- EXperimental
results of non-differential measurements and an in-depth review of the influence of
mechanical noise can be found elsewhere [48].

We have measured the position of two silicon beam springs of the nano-ram adhesion
sensor. The motion of the left beam spring is equal to the motion of the ram, while
the position of the right spring remains stationary with respect to the substrate. The
voltage on the comb drive that moves the ram forward is increased from 0V to 60 V and
back to 0V in 2000 steps. The distance between consecutive voltage steps is decreased
quadratically with increasing voltage to compensate for the characteristic quadratic
voltage-displacement relation of the comb-drive actuator. The measured intensity profiles
are summed over Njjpes = 367 lines.

Itis important to stress that the voltage is not swept in a continuous fashion, but in discrete
steps. Each measurement point is obtained by sequentially setting the voltage, acquiring
the image by exposing the sensor, and storing the intensity profile. The exposure time
is 152 ms. Because the camera has a relatively slow data transfer rate, the time between
set-acquire-store sequences is around 0.5 s.

In order to investigate what the position resolution of the curve-fitting technique is, we
took a measurement of two stationary beams. Again, one is the ‘moving’ beam (even
though in this case it is stationary) and the other is the reference beam. We measured the
position of the moving beam with respect to the reference beam 200 times, for different
values of Njjnes. We executed this measurement using the ‘Leiden MEMS tribometer’ and
the N-UNCD based adhesion sensor. The Leiden MEMS tribometer shows a better optical
contrast than the nano-ram adhesion sensor that we used for the adhesion measurement.
Compared to the silicon devices, the N-UNCD adhesion sensor’s contrast is worse because
the diamond device layer is slightly transparent.

DISCRIMINATION OF MECHANICAL NOISE

Because we do a differential position measurement using a stationary MEMS beam as
an on-chip reference, low frequency mechanical vibrations of the sample with respect to
the microscope will be rejected. The resonance frequencies of our MEMS structures (a
few kilohertz) are orders of magnitude higher than the acquisition frame-rate (about 2
frames per second), so high frequency mechanical disturbances will "average out’ and
translate to motion blur. To prevent this, the entire camera-microscope-sample assembly
is suspended in bungee-cords inside an acoustic isolation booth on top of an active
vibration isolated table. However, experiments carried out without any of these vibration
isolation measures have shown that the influence of motion blur is not noticeable [48] and
that our vibration isolation measures are not vital for a precise position measurement.
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Figure 2.4.: Displacement of the ram towards the counter-surface and back to its initial po-
sition in the nano-ram adhesion sensor. At 51.2 V the ram touches the counter
surface and stops moving. When the voltage is decreased, the ram adheres to
the surface until it snaps off at 49.9 V and makes a jump of 106.2nm + 0.3nm.

2.4. RESULTS AND DISCUSSION

2.4.1. ADHESION MEASUREMENT

The results of the adhesion sensor measurements are shown in figure 2.4. They show
that the ram moves quadratically with the applied comb drive voltage until it touches the
counter surface at 51.2 V. From lithography we know that the total gap between the ram
and the counter surface is 2 um. The ram displacement at the touching point is 26.9 pixels,
so the amount of nanometers per pixel is 74.4 nm/pixel.

When the voltage is decreased, it shows that at the point where the ram touched the
counter surface during the forward motion, it now sticks to the counter surface until
the voltage is decreased further down to 49.9V, where the ram suddenly snaps-off, and
displaces by 106.2 nm. We estimated the position noise of the measurement by fitting a
12" order polynomial trend line through the displacement graph between 10V to 45V and
subtracting it from the measurement. The high order of the polynomial was necessary to
correct for thermal effects and comb drive levitation that cause the voltage-displacement
relationship of the comb drive to deviate slightly from the ideal quadratic curve. The
resulting position noise distribution is shown in figure 2.5. We calculated the standard
deviation of the noise to be opes = 0.27nm.

2.4.2. DISPLACEMENT NOISE MEASUREMENTS

Figure 2.6 shows the standard deviation of the position noise versus the number of
averaged lines for the different devices. The standard deviation of the position noise
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Figure 2.5.: The position noise of the nano-ram adhesion sensor measurement shown in
figure 2.4, calculated by subtracting a 12" order polynomial trend line from
the parabolic part of the displacement curve. The standard deviation of the
noise is gpos = 0.27nm.

of the silicon tribometer for a single line is 2.51 nm and decreases with ,/ ﬁ towards
mnes

the lowest position noise we measured at Njjpes = 1577, which is as low as 64 pm. The
distribution of this measurement is shown in figure 2.7.

The standard deviation of the position noise of 0.27 nm that we calculated for the adhesion
measurement (figure 2.5) is shown as a single point in figure 2.6 and lies well above the
trendline of the Leiden MEMS tribometer. The position uncertainty of the measurements

taken with the N-UNCD adhesion sensors follows the same , / ﬁ trend as the silicon
nes

tribometer, but has a larger error for the same amount of summed lines. Both these

results are in accordance with the observation that the intensity profiles of the diamond

device and the nano-ram adhesion sensor have a worse optical contrast than the silicon
tribometer.

2.5. CONCLUSION

We have achieved an in-plane displacement resolution of 64 pm by fitting a shifted spline
function through the intensity profile of a silicon beam that was imaged with an optical
microscope and a CCD camera. The resolution depends strongly on the signal-to-noise
ratio of the image. The noise figure is dominated by photon shot noise which is the
limiting factor for the precision of the measurement. The effect of photon shot noise
can be decreased by increasing the intensity of the light source, increasing the contrast,
averaging or binning multiple lines, or by using a camera with a larger full-well-depth.
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Compared to other optical in-plane displacement detection techniques, the curve fitting
method presented in this chapter offers the highest position resolution, although it was
obtained using a large number of averaged image lines. It can be used to measure instan-
taneous ‘jerky’ motions of MEMS structures, something that is hard to accomplish with
techniques that rely on spatio-temporal filtering. We have released our curve fitting pro-
cedure as an open source Python module [49] under the terms of the GNU General Public
License. Images can be captured with any digital camera that fits onto a microscope,
making this technique available to practically any laboratory.



REAL-TIME OPTICAL
MEASUREMENTS AT HIGH SPEED

In chapter 2 we presented an optical technique for measuring displacements in MEMS
devices. It enabled us to measure the voltage-displacement curve of a MEMS adhesion
sensor with sub-nanometer resolution. However, the camera used in the experiment
was not fast enough to capture the dynamics of the device. In this chapter, we replace
the 2D image sensor used before by a 300 000 frames/s line-scan camera. The amount
of light available for this measurement, and the raw resolution of the captured images
are significantly lower than in our earlier measurements, which allows us to evaluate
how our measurement technique performs under suboptimal conditions. We show the
displacement of a MEMS tribometer as a function of time, and expose the dynamics of its
adhesive contact.

29
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3.1. INTRODUCTION

We have previously obtained excellent results with an optical technique with sub-nanometer
resolutions (chapter 2). However, our measurements were nowhere near fast enough to
capture transient phenomena as a function of time. Although we measured adhesion
snap-in and snap-off, we have never actually observed the motions themselves: we only
observed the loader being stuck to the slider. If, at some point, we find the moving part of
our tribometer to be at A, and the next time we look for it, we find it at B, common sense
dictates that it moved from A to B in the time between our observations, but we have no
clue what this motion actually looks like. We do not know whether it is under-damped,
over-damped, or completely non-linear.

A conventional and accurate technique for measuring fast displacements in MEMS as a
function of time is laser doppler vibrometry. Although this technique is mostly used for
out-of-plane displacement measurement, Polytec now also offers the MSA-100-3D, which
is able to determine motions in three dimensions, with picometer accuracy([50]. However,
laser doppler vibrometry is not well suited from tracking low-frequency displacements
with a high resolution; it can only measure moving components because it relies on
the optical doppler effect for its operation. It is therefore impossible to measure the
displacement of quasi-stationary components this way.

Recently, Shroff and de Boer [51] have pioneered similar displacement detection tech-
nique as we have: displacements are calculated from a sequence of captured microscopic
images by fitting a sinusoidal waveform to a grating feature on their MEMS device. They
used a 2D high-speed camera to measure transient responses of stick-slip friction in
MEMS, which yields an impressive in-plane resolution of ~2 nm at 200 000 fps. However,
this requires the use of an expensive 2D high-speed camera in a similar price range as a
laser doppler vibrometer.

In this chapter we will use a high-speed line-scan camera (which is relatively low-cost,
compared to the camera used by Shroff and de Boer) to measure the contact bounce
and snap-off step response of a MEMS tribometer, and investigate the merits of our
curve-fitting technique when applied to ultra-high frame-rate microscopy.

3.2. EXPERIMENTS

The experiments in this chapter were carried out using a MEMS tribometer similar to
the ones used for the adhesion and friction experiments described in chapters 4 to 6 (see
figure 4.1). It consists of a ram that can be pushed against the sidewall of a slider by an
electrostatic comb drive actuator array. The slider that can be moved as well in order be
able to perform friction measurements. For the experiments in this chapter the slider
actuators were not used. Electrical connections to the device we made using probes.

The actuator voltages were applied to the comb-drives of the adhesion sensor by the
analog output of a National Instruments NI USB-6351 DAQ via a FLC Electronics A400
20x voltage amplifier. The DA-converter of the DAQ was operated using its internal
hardware clock at an output sampling frequency of 1 MHz with 16 bit precision over



3.2. EXPERIMENTS 31

a scale of -1V to 10V. This gives a voltage step of 168uV. The output voltage of the
amplifier was monitored (but not recorded) using an Agilent 34405A digital multimeter.
The negative lower limit of the NI-DAQ was necessary to allow for compensation of the
offset of the amplifier, which was between 0.5V to 1.0 V. The actuator comb-drives of the
slider where kept at 0V to prevent electrostatic forces between the ram and the counter
surface.

In all experiments, the motion of the ram was recorded using a Motic PSM-1000 optical
microscope and a Basler Sprint SPL2048-140km line-scan camera. The microscope was
fitted with a x20 long working distance objective. The sample under test was illuminated
through the microscope objective by a Sutter HPX ultra bright white LED light source and
a liquid light guide. The line-scan camera was operated in free run mode, at 165 klines/s.
The clock of the NI-DAQ was not synchronized with the high-speed camera. Both the
NI-DAQ and the line-scan camera were controlled from python. The acquired image data
was saved to HDF5 files.

The sample was positioned such that both a moving beam and stationary beam were
imaged by the line scan camera. From each individual captured line, the relative dis-
placement of the moving beam was determined relative to the stationary beam using the
curve-fit procedure described in chapter 2.

Two adhesion experiments were carried out using the setup described above:

1. Asingle, slow adhesion cycle, similar to the adhesion experiment shown in chap-
ters 2 and 4

2. Repeated contact bounce-adhesion snap-off

The single, slow adhesion cycle was measured by performing a single slow voltage sweep
from 0V to 85V and back to 0V. The DAQ output voltage was updated directly by a
running python script, so the timing of the steps was not accurately defined. This was
done to approximate the workings of the LabVIEW software used in our previous works
on MEMS adhesion measurements [52-54], in which the timing of the samples was also
controlled by software.

For the repeated contact bounce-adhesion measurements, the ram was actuated with
100 cycles of an inverse sawtooth wave between 76 V and 85V at 10 Hz (see figure 3.1).
The steep part of the sawtooth wave causes the ram to smash into the counter surface,
which causes contact bounce. The linear part of the sawtooth wave slowly pulls it back,
causing it to snap off from the counter surface. The waveform was generated using the
internal clock of the DAQ at a sample frequency of 1 MHz.

3.2.1. ENVIRONMENTAL CONDITIONS

The entire setup was placed inside an acoustically isolated Faraday cage on passive
pneumatic supports, ensuring a basic mechanical and electrical decoupling from the
environment. The measurement setup used here is very similar to the setup used for the
experiments used in chapters 2, 4 and 6, although it offers only basic vibration damping, it
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Figure 3.1.: Inverted sawtooth waveform.

did not have built-in temperature and humidity sensors, and the microscope’s objectives
where slightly dirty and out of alignment.’.

The environmental conditions of the laboratory were kept constant at a temperature of
21°C and a relative humidity of 53 %gy. However, during the experiments, the tempera-
ture inside the probestation was considerably higher than the controlled atmosphere of
the laboratory due to the heat produced by the high-speed camera. The temperature of
the camera heat sink was roughly 50 °C (barely touchable), and we estimate that the tem-
perature inside the probestation was 35 + 5 °C. The saturation vapor pressure of water can
be calculated using the Antoine equation[62]: Pg|s1c = 2.487kPa and Pg|35°c = 5.609kPa.
The vapor pressure in the laboratory is therefore Py = 53 %gy - Pslo1°c = 1.313kPa. Assum-
ing the vapor pressure inside the probestation is the same before and after the atmosphere

has been heated, the resulting relative humidity at 35+ 5°C is: Pi ' =23 +6%gH.

The light-source has the equivalent light-output of a 150 W xenon arc lamp. This heats
up the adhesion sensor and it's immediate surroundings, which results in a noticeable
disturbance of the air between the sample and the objective.

3.3. RESULTS: A SINGLE SLOW ADHESION CYCLE

The time-displacement graph of the single slow adhesion cycle is shown in figure 3.2.

The amount of nanometers per pixel was calibrated from this measurement by assuming
that the gap width between the ram and the counter-surface is 2pum. The amount of
nanometers per pixel was calculated by dividing this gap width by the difference between
the position of the ram at V¢ = 0, and the mean displacement while it is in contact with
the counter-surface between 5s to 6.5 s. The nanometer-to-pixel ratio was determined to
be 376 nm/px

Figure 3.2 shows that the ram approaches the counter-surface at a constant speed, until it
makes contact. No clear snap-in is visible. When the actuator voltage is decreased again,
the ram sticks to the counter-surface until it suddenly snaps-off at t = ~6.7s. The inset

1This setup has been used in many of our other publications (see [44, 47, 52, 53, 55-61].
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Figure 3.2.: A single, slow adhesion cycle. The displacement is measured optically at a
sample rate of 165 kSamples/s.
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Figure 3.3.: Frequency spectrum from the high-speed measurement of a single, slow
adhesion cycle. The disturbance between 10 Hz and 100 Hz is caused by
thermal fluctuations of the air between the microscope objective and the
sample.

graph displays a closeup of the snap-off, which shows a brief oscillation. The snap-off
length is 27 nm.

3.3.1. NOISE SPECTRUM ANALYSIS

Figure 3.3a shows the power spectral density of the measurement in dB using a logarithmic
frequency axis. Figure 3.3b shows a closeup the lower part of the spectrum using a linear
frequency axis. Several peaks are clearly in the spectrum. We have not managed to identify
all of them, but we have explanations for a few, they are summarized in table 3.1.

The peak at 100 Hz is likely caused by electromagnetic disturbance from a rectified 100 Hz
line signal. The physical source of this interference is most likely the cable that powers
the line-scan camera, which carries a direct current of 0.5 A at 12V, which is generated
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by a non-switching transformer-rectifier. The broad peak between 170 Hz and 180 Hz
matches the step rate of the actuator voltage. The broadness of the peak is explained by
the fact that the actuation was not accurately timed by hardware, but was determined by
the cycling rate of the python for-loop, used from which the voltage was written to the
DAQ.

Table 3.1.: Summary of the identified peaks in the frequency spectrum shown in figure 3.3.

Frequency (Hz) Origin

28.5 convection
36.1 convection
100.1 power supply
174.8 voltage steps
11715.2 ram resonance
312225 switch-mode power supply
62488.9 switch-mode power supply

The small peak at 11.715kHz is caused by resonance of the ram. The two high peaks
at 31.222 kHz and 62.489 kHz are likely to be caused by switch mode power supplies in
the vicinity of the measurement setup. These frequencies penetrate the cage of Faraday
magnetically, or they may have bled from the USB cable that connects the National
Instruments DAQ to the computer from which the experiment is controlled.

3.4. RESULTS: CONTACT BOUNCE AND SNAP-OFF

In this section we present the results of the high-speed displacement measurement and
describe the methods we used to extract the contact bounce and snap-off dynamics from
data. All data-analysis was done using jupyter notebook with an ipython backend. We
relied heavily on the pandas library [63].

Figure 3.4 displays the measured displacement of the ram versus time, for the measure-
ment in which the ram was actuated with a 10 Hz inverse sawtooth. Only two out of the
total of one hundred waveform cycles are shown individually, because plotting all data
does not result in an informative graph. Each measured cycle contains two events of
interest: the contact bounce and the snap-off. The contact bounce event occurs after
the actuator voltage is increased instantly from the offset value of 76 V to the sawtooth
maximum of 85V, and the ram smashes into the counter surface. The snap-off event
occurs when the voltage is reduced, and the restoring spring force pulls the ram away
from the counter-surface.

Although the contact bounce and snap-off responses are clearly visible in each individual
cycle, the displacement noise is relatively high. In order to decrease the measurement
noise we have to align all recorded events, and calculate their average.
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Figure 3.4.: The response of the ram when actuated with an inverse sawtooth wave. This
Time-displacement plot shows two out of the total of 100 ‘smash-in/snap-off’
cycles. The inset figures show closeup views of the moments when the ram
makes or breaks contact with the counter surface.

Because we know that the sawtooth actuation frequency was exactly 10 Hz, the individual
contact cycles can be isolated by simply splitting the measurement into sections of
100 ms. However, this does not mean that the contact bounce and snap-off responses are
automatically aligned.

3.4.1. SNAP-OFF RESPONSE

By aligning all snap-off events, we can average the step responses. Because a single
snap-off event occurs in every one of the 100 cycles, which reduces the displacement
noise by a factor 10. The resulting average snap-off displacement is shown in figure 3.5.
The decreasing ramp of the actuation waveform is clearly visible in figure 3.5a, as is the
under-damped nature of the ram. A close-up of the underdamped response is shown in
figure 3.5b, in which we corrected the displacement values for the ramp.
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Figure 3.5.: Snap-off motion (100 inverse sawtooth cycle average).
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Table 3.2.: The damping parameters of the underdamped adhesion snap-off response
shown in figure 3.5b. The time constant 7 was found by manually fitting
d=A-e7 tothe upper and lower bounds of the underdamped snap-off motion.
The damping ratio and the quality factor where determined from 7 and fies
using equations (3.1) and (3.2).

upper bound lower bound

Amplitude, A 30 31
Time constant, 7 (s) 700 x 1076 400 x 1076
Quality factor, Q 15 26
Damping ratio, { 34 %1073 19x 1073

The fundamental resonance frequency of the snap-off response was obtained from the
Fourier transform of the averaged snap-off response, and was found to be fies = 11.7kHz.
This value matches the position of a small, narrow peak in the frequency spectrum of the
single cycle displacement measurement shown in figure 3.3a.

DAMPING

We determined the characteristic time constant 7 of the loader from the snap-off response,
by manually fitting an exponential function of the form d = A- e+ tothe upper bound of
snap-off resonance envelope. In order to fit the exponential functions to the envelope,
we first corrected the displacement values for the ramp of the sawtooth by subtracting a
second order polynomial from the displacement curve. The final value of the resonance
now appears to decay to a constant displacement of zero. The damping ratio { can be
calculated from 7 and fies using equation (3.1):

1
¢ = (3.1)

V1+ QT fres)? -T2

The quality factor Q is related to the damping ratio by equation (3.2):

1
Q=15 (3.2)

Ideally, the upper and lower envelope bounds of the snap-off response should be exactly
symmetrical around zero. However, the envelopes are slightly asymmetrical because of
the low frequency drift clearly visible in figure 3.5a. The calculated values the damping
parameters of both the upper and lower envelope bounds are given in table table 3.2.
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3.4.2. CONTACT BOUNCE RESPONSE

The frequency of the contact bounce is much higher than the resonance frequency of the
ram, because it is determined partly by the elasticity of the contact, which is much stiffer
than the compliant supports of the ram. The bounce events displayed in the inset graphs
in figure 3.4, show that only about 3 samples are available per bounce motion. This is
because the bounce frequency is close to the line-scan rate of 165 klines/s. If we were to
simply average all measured bounce responses, as we have done successfully with the
snap-off responses, the displacement noise might decrease, but the amount of samples
per bounce motion would still be too close to the Nyquist frequency to produce a clear
signal. Moreover, because the exact time of impact varies slightly from cycle to cycle, the
bounce responses all have a random sub-sample misalignment. Averaging all measured
responses will reduce the signal intensity exactly as much as it reduces the noise.

However, we can use the random variations between the times at which the ram first
makes contact with the counter-surface to our advantage by using a technique called
temporal dithering.

Dithering in general is a technique used to increase the number of effective quantization
levels of any analog-to-digital conversion process, by adding noise to the analog input
signal, and averaging multiple digitized output signals. Dithering is usually applied to
increase the number of quantization levels of an AD-converter. This is accomplished by
adding white noise to the analog signal that is being quantized, such that a single input
value will result in different digital values when it is sampled repeatedly. By oversampling
and averaging N of these dithered samples, the quantization noise is reduced by a factor
v'N, but the sample frequency is reduced by a factor N. The amount of dithering that can
be used is therefore determined by the highest input frequency that is to be captured by
the AD-converter.

Instead of using dithering to increase the amount of voltage quantization levels, it can
also be used to increase the effective sample frequency, in which case it is called temporal
dithering.? Temporal dithering works by adding a random, known time-delay 7 to a
repeating input signal x(¢) of length T. For every i repetition of the input signal, the

signal is delayed by a known time delay 7;, with 7; < T a;ple. After capturing N sample

sequences of x; (¢ — 1;), the ‘actual time’ can be calculated for each sample, by shifting it
by the corresponding time-delay 7;. In our case, the signal x;(¢) is the bounce response,
which we have measured N = 100 times. We did not add a known sub-samplerate delay
to each of them ourselves, but instead we used the random timing delays caused by the
thermal motion of the ram. In order to apply temporal dithering to increase the effective
sample frequency of the bounce response, we had to determine these time-delay values
from the measurements before we can compensate for them.

2In order to increase the measurement bandwidth by temporal dithering, it is necessary that that the time
used to acquire a single sample is shorter than the time between samples. This is not the case in our
measurements, where the exposure time is equal to the time between samples. So although we increase the
effective sample frequency to obtain a smoother signal, the maximum signal frequency that we can measure
is still determined by the line scan frequency.
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The most ‘real’ time point at which to align the bounce responses is the first point of
contact. However, this point is relatively hard to find because it the real motion is hard
to distinguish from the noise. A more convenient feature to identify is the relatively long
approach curve, which we accomplish using the following procedure:

1. Filter all measured displacement data with a 4"-order low-pass Butterworth filter
with a cutoff frequency of 14 kHz.

2. Create a spline-based interpolation function s;(#) for each filtered bounce response
X; using scipy’s UnivariateSpline class.

3. Find tofset,i, at which s; () has its steepest negative slope by solving
0= s ds; ()

a2 while 0 < =

t= toffset,i t="Ioffset, i

A single oversampled snap-in response was then obtained by combining all individual
signals, and compensating their time values for the found offset values 7ygfset,;. The
oversampled signal can now be de-noised by applying a filter, or by calculating a rolling
average.

Figure 3.6 shows the individual data points of the oversampled signal, as well as the
de-noised contact bounce response, calculated from a 333 ns rolling average. Its shows
that the ram bounces six times in ~100 s before it settles, which corresponds to a bounce
frequency of ~60 kHz.
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Figure 3.6.: Contact bounce motion of the ram against the counter-surface. The scattered
data points are all of the 100 measured bounce motions that have been aligned
at the steepest part of the approach curve with sub-sample resolution. The
blue line represents a rolling median of the scattered data points using a
333 ns rectangular window.

3.5. DISCUSSION AND CONCLUSION

We have successfully measured the contact bounce and adhesion snap-off of two con-
tacting silicon MEMS sidewalls in real-time, using a high speed line-scan camera, and
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by using our displacement measurement technique to extract displacement from the
captured optical line-scan images.

The total measurement noise was higher than the noise figure of just the optical measure-
ment method, because of some 100 Hz power supply noise, and most importantly: low
frequency thermal fluctuations of the air between the sample and the objective. However,
these fluctuations have a much lower specific frequency than the dynamic phenomena
under test necessitating the use of a high-speed camera and an ultra-bright light source
in the first place. By applying a low-pass filter, the low frequency external disturbance can
be filtered out safely.

3.5.1. NOISE FIGURE COMPARISONS

Because there always is a trade-off between high resolution and a high frame rate, it is
useful to express the noise level of a measurement setup (including the properties of the
sample) as a metric that is independent of the frame-rate. Our 64 pm measurements were
acquired with an exposure time of 152 ms, or a frame rate of 3.3 Hz, which yields a noise
figure of 35.3 pm/vHz

In addition to these ‘low-noise, much light’ measurements, we also applied our measure-
ment system to extract displacements from images obtained under less ideal circum-
stances, by a high-speed line-scan camera, at a high frame rate of 165 klines/s . After
applying a band-bass filter to attenuate external noise sources, the effective RMS displace-
ment noise of these high-speed measurements was 10 nm in a bandwidth of 1kHz to
78 kHz, which corresponds to a noise figure of 36 pm/+/Hz: very close to the noise figure
of 35.3 pm/v/Hz of the low speed measurements. This proves once more that the shot
noise of the light is responsible for the noise floor in these experiments.

Proof that it pays off to optimize the geometry of the detection of the MEMS device under
test, can be found in an excellent paper by Shroff and de Boer [51]. They describe a high-
speed friction measurement using a MEMS tribometer, in which the displacements are
analyzed by fitting a sine wave function to intensity profile of grating instead of a single
beam. The grating consists of 14 beams, which lowers the noise by a factor v/14 = 3.7.
In addition, the grating beams are twice as wide and their edges appear to be much less
rounded than the ones in our tribometer. If this increases their brightness roughly by a
factor ~3, this further reduces the noise by at least a factor 2. Using our measurement
setup, this would yield a total noise figure of 5.4 pm/ vHz. Indeed, Shroff and de Boer
report an in-plane displacement resolution of ~2 nm at 200 000 Hz, which corresponds to
an effective noise figure between 3.4 pm/v/Hz and 5.6 pm/v/Hz.

3.5.2. CONTACT BOUNCE

We successfully measured the contact bounce motion of the ram, when it is smashed into
the counter-surface. We observed 5 clear bounces at 50 kHz before the contact stabilized.
The bounce frequency is very close to the Nyquist frequency of 78.122 kHz, which means
that for each of the 100 captured bounce responses, only ~3 samples were captured per
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bounce. Moreover, the exact moment of impact was not exactly synchronized between
measurements, so simply averaging all captured responses did not yield a better displace-
ment noise resolution. However, the presence of this random time-offset between cycles
provided us with an opportunity to apply temporal dithering. By sub-sample aligning all
measured bounce responses on the steepest part of the low-pass filtered approach curve,
and calculating a rolling average with a constant-time window of 333 ns, we increased the
effective sample frequency to 500 kHz, while reducing the effective displacement noise.

3.5.3. ADHESION SNAP-OFF

We successfully measured the underdamped motion of the ram when it is pulled off the
counter surface. The resonance frequency of the ram was determined from the adhesion
snap-off response and was found to have a value of fies = 11.715kHz. At the ‘lowest point’
of the first oscillation of the snap-off response, the ram approached the counter surface
to a distance of 10 nm. Any non-contact forces between the ram and the counter surface,
like the van der Waals force, distort the harmonic oscillation, and might cause the lower
bound of the envelope to have a longer characteristic time constant. However, in this data
set, the low frequency noise component makes it impossible to determine whether or not
there is an additional surface force acting on the loader during snap-off.

Monte Carlo simulations by van Spengen [17] show that the adhesion force is not domi-
nated by capillary condensation when the relative humidity of the air is below 40 %, and
the roughness of the contacting surfaces is above 10 nm. The roughness of the sidewalls
of our tribometer is 13 + 3 nm (see table 6.1 and [64]) and the relative humidity inside the
probestation is between 24 + 7 %gy, which means that our device performed just as the
theory predicts.

It would be of great value to repeat the experiments presented in this chapter under
carefully monitored atmospheric conditions. By placing the device under test in an
atmospheric chamber as was used in chapters 2, 4 and 6, and by using a MEMS tribometer
with in situ heated contacting surfaces, it would be possible to measure the dynamics of
the strange capillary effects that cause the erratic variability of the adhesion and friction
forces described by Gkouzou et al. [53, 65].
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THE RUN-IN AND DRIFT OF
ADHESION IN SILICON MEMS

In the previous chapters we developed a technique to measure forces and displacements
with sub-nanometer and sub-nanonewton resolution (chapter 2). We now apply this
knowledge to characterize the evolution of the adhesion force between two silicon sur-
faces that are repeatedly brought into contact.

This chapter shows the results of an empirical study in which we investigated the run-in
behavior of several nominally identical copies of a MEMS adhesion sensor. The devices
were tested under similar conditions with slight variations in contact force and relative
humidity. However, we will see that, due to device-to-device surface variability, the run-in
behavior observed differs significantly from device to device.

This chapter has been accepted for publication as a standalone journal paper [66]. Some editorial changes
where added for inclusion in this thesis.
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4.1. INTRODUCTION

The contact mechanics of 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.

The phenomenon of adhesion has been understood and mitigated quite well on the
macroscale for a long time and significant advances have been made on atomic scale
adhesion [67]. However, our understanding of so-called ‘mesoscale’ contact mechanics:
the domain where the number of contact points, or asperities between two contacting
surfaces is larger than one (atomic scale) but not ‘close to infinity’ (macroscale), is lagging
behind.

Much progress has been made in the development of anti-stiction coatings [68] and
novel methods of lubrication have been discovered [69]. We believe that an important
reason why MEMS devices with contacting surfaces are still under-represented, 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 realistic mesoscale multi-asperity contact. This is because the working
distances of the mechanisms involved in generating 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 roughness statistics can differ by orders
of magnitude, simply because at the actual contact points, the surfaces are physically
different [17, 70].

Second, due to the stochastic nature of mesoscale contact 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 contaminants 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, AFMs were the only instruments
capable of measuring such tiny forces [67], and direct measurements of contact forces in
MEMS devices typically suffered from a low signal to noise ratio [22].

However, our new optical technique based on curve fitting allows displacement measure-
ments with deep sub-nanometer resolution (see chapter 2). The merits of the technique
have already been demonstrated by measuring adhesion forces in MEMS devices made
entirely out of diamond [52]. We have also previously presented a single adhesion ex-
periment on silicon MEMS [54], in which we observed surprising run-in behavior of the
adhesion force between two sidewalls that were repeatedly brought into contact.
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4.2. THEORY: HOW TO DETERMINE THE ADHESION FORCE
FROM DISPLACEMENT

Figure 4.1 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 temporarily adhere.

actuator combdrives

counter surface

] |

- LIl
rair~_—7 1)

~3

Tsupport springs
; —
100 pum

Figure 4.1.: Scanning electron microscope (SEM) micrograph of the MEMS adhesion
sensor used in the experiments.

Equation (4.1) shows the force balance of all the forces that act on the adhesion sensor
(neglecting air damping),

d?x

T3 (4.1)

Fact + Fspring (X) + Fadn (%) + Feontact = m -
where Fyc¢ (positive) is the force generated by the comb-drive, Fypring (negative) is the
restoring spring force exerted by the beam springs in which the ram is suspended, Faqn
(positive) is the adhesion force between the ram and the counter-surface, Feontact (nega-
tive) is the force exerted by the counter-surface on the ram and m is the mass of the ram.
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Figure 4.2.: The voltage displacement curve of a single contact cycle, zoomed in on the
adhesion hysteresis loop. The important points are marked with numbers 1
to 8 and correspond to the numbers in figure 4.3.

This equation is valid at any value of Fyt. We can write for Fspring and Feontact:
Fspring = kspring * Xram (4.2)

Feontact = —kcontact * Aeontact if Xram = Xcs (4.3)

where dcontact is the elastic deformation of the contact, X;an, is the position of the head of
the ram and x is the position of the counter-surface.

The actuator force Fy is the only variable in equation (4.1) that can be controlled directly,
by applying a voltage difference V,; between the comb-drive actuator fingers.

Figure 4.3 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), Fagn = 0 and Fegntact = 0 and
an increase in Fy¢t will cause the ram to accelerate and displace. At x = xq, where the
restoring spring force Kspring = —Fact, the ram will show a damped oscillation around
its equilibrium position. When the voltage is increased so much that x;ar, is close to
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 Fyqgy. Typically,
F,an depends strongly on the gap distance dg,p in a non-linear fashion, so as soon as Fagn
becomes non-zero while the ram approaches the counter-surface, a stable equilibrium
position no longer exists and the ram is pulled into the counter-surface (3). At this point,
the reaction force Fgontact Will become non-zero to compensate the force with which Fagp
pulls the ram to the surface (4). Increasing F,; even further will not cause a change in
Fadn, but the contact will slightly deform due to the non-zero value of k¢ontact (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 Fyq, is still non-zero. When fur-
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Figure 4.3.: The different phases of a contact cycle. The numbers correspond to the
annotations in the graph of figure 4.2. (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 figure 4.2, because
it only shows stationary positions.
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ther decreasing the voltage, at some point the adhesion force will be exactly compensated
by the restoring spring force such that Fact + Fadh = — Kspring * Xcs and Feongact = 0, but the
ram is still touching the counter-surface (6). An infinitesimally small further decrease in
F,t causes F,q;, to become zero, which results in non-zero net force that accelerates the
ram back towards its equilibrium position such that Fact = — Fspring(Xeq) (7). We can now
obtain an expression for F,q4, that is independent of Fy.

just before snap-off:

Fact + Fadh = —Kspring * Xcs (4.4)
Fagh = —kspring * Xcs — Fact (4.5)
right after snap-off
Faet = _kspring * Xeq (4.6)
equating:
Faan = kspring - (Xcs — Xeq) (4.7)
= kspring : dsnap—off (4.8)

Where dgnap—off is the snap-off displacement length (8). The spring constant of the moving
ram can be found by measuring the resonance frequencies of two devices with the same
value of kspring, but different values for the device’s effective moving mass meg. The
adhesion force can then be determined from the snap-off displacement by multiplying it
with the spring constant. This means that we have successfully shifted the problem of
measuring a force to measuring a displacement, for which we have an excellent, high-
resolution measurement solution.

4.3. EXPERIMENTS

4.3.1. ADHESION SENSOR

In all the measurements discussed in this chapter we used a polycrystalline silicon MEMS
adhesion sensor as shown in figure 4.1. It was fabricated the PolyMUMMPS™[71] multi-
user MEMS process by MEMScap inc. Figure 4.3 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 beam approximations [72], we have analytically cal-
culated the spring constant of the battering ram suspension to be kspring = 2.5+ 0.2N/m.
We measure the displacement of the ram by using an optical displacement measure-
ment technique based on curve-fitting (see chapter 2), and experimentally determine the
adhesion forces from the observed snap-off distance, as explained in section 4.2.

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.
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Figure 4.4.: A close-up view of the environmental chamber with a wire bonded adhesion
sensor mounted in the socket.

4.3.2. MEASUREMENT SETUP

All adhesion experiments were carried out in a measurement 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 connections 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 monitored
using a Honeywell HIH4000 humidity sensor and a Pt100 temperature sensor, of which
the output is logged every second. The entire setup is suspended in bungee cords inside
an acoustic isolation booth. 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.
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Table 4.1.: Summary of the six adhesion experiments that were carried out, sorted by
relative humidity of the atmosphere.

Name Resolution? Humidity ~Contact force!
(nm) (nN) (%rH) (UN)
B 0.35 0.88+0.07 26+£5 3.1+£0.2
H 0.31 0.78+0.06 10+5 1.9+0.1
G 0.20 0.50+0.04 10+5 22+0.2
Je 0.24 0.60+0.05 245 1.74£0.1
D 0.60 1.50+0.12 0+5 2.8+0.2
Ja 0.23 0.58+0.05 0+5 1.0£0.1

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

2 The force resolution is calculated from the displacement resolution by multiplying it
with kspring =2.5+0.2N/m.

4.3.3. ADHESION MEASUREMENTS

The adhesion sensor was illuminated through the microscope objective by a liquid light-
guide coupled Sutter HPX-L5 90 W LED light source, which has the equivalent light output
ofa 150 W 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 2 x
magnification lens built into the microscope, and an adjustable diaphragm. The internal
diaphragm 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 different low-humidity atmospheric
conditions. They are summarized in table 4.1. 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 70V
to 85V 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 [54].

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
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million, and the resulting data points are spaced equidistantly when plotted against the
logarithm of the total number of elapsed cycles.

4.3.4. ENVIRONMENTAL CONDITIONS

For the experiments carried out in a very dry atmosphere (0 %gy, 0 %ru and 2 %gy), the
chamber was dehydrated by baking it out at 110 °C for about 16 hours 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 %gy, 10 %gru
and 26 %gy), 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 stretches 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 experiments. For the same reason it was not practically possible to
obtain high levels of relative humidity with this setup.

4.4. 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 4.A.

Figure 4.5 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 distribution of
the measured adhesion forces in the experiment. The darker region represents the 25 %
to 75 % percentile interval, 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 figure 4.6, where the 25 % to 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
Je, G, H, Jq 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
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Figure 4.5.: The adhesion force plotted against the total number of contacts for all mea-
sured devices. The mean relative humidities during the experiments are
indicated in the legend. The colored bands indicate the minimum value, the

25 % and 75 % percentiles, and the maximum value. The solid line indicates
the mean.
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that was measured under wet conditions, 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.
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Figure 4.6.: The variability of the adhesion force within each measurement set of 20 con-
secutive 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.

4.5. DISCUSSION

The most striking feature of this set of experimental data is that device-to-device varia-
tion 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.

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
+10nN around their mean value, but the adhesion forces from all experiments combined
show a spread that is ~ 5 times larger: from 50 nN to 250 nN. 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.
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Table 4.2.: Overview of the three regimes of distinct adhesion behavior observed. The
regime names are indicated in all graphs in which the x-axis represents the
number of contact cycles.

Regime Cycles Description
From Until
I 1 50 x 10%  Initial run-in
I 50 x 108 250 x 10°  Adhesion stable
g 250 x 10° 3x10% Adhesion drift

1 The upper cycle limit of regime I1I was not experimentally determined,
but was dictated by the total number of cycles in the experiment.

All adhesion curves seem to converge into a narrow range of 65nN to 115nN between
50 x 103 contact cycles to 250 x 10% contact cycles (regime II). This convergence can be
the indication of a physical process that makes the sidewall surfaces appear fairly similar
after the initial run-in. After 250 x 103 cycles the curves start to diverge again (regime
I1I).

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 4.7 shows the first half of the data that was shown in
figure 4.5 on a linear scale. 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.

4.6. 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 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 figure 4.5 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,
anew empirical model is needed. Here we present two of these models, both with their
strong points and limitations, as presented below.
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Figure 4.7.: The adhesion force versus the first 250 000 cycles on a linear scale. This shows
the first half of the graph in figure 4.5 in a different light. Although the run-in
happens logarithmically and does not actually stabilize, an initial run-in of
50000 cycles stabilizes the adhesion behavior during the next 200 000 cycles.
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Figure 4.8.: 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.
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Table 4.3.: Determination of the standard deviation of Fsia¢ and Fyyig for the measured
data of figure 4.5 in Regions II and III.

Sample Fitart Fyarift AFw
(mN)  (nN/logyyn) (nN/y/n)

B 105.1 -20.6 -34.7x1073
G 96.1 2.7 1.6x1073
H 72.1 222 29.5x 1073
Je 100.5 18.3 32.2x1073
Jd 57.7 0.3 -1.88x1073
D 74.1 17.2 29.2x 1073
mean 84.3 5.77 8.78x1073
std. dev.  18.9 16.5 26.5x 1073

4.6.1. THE SIMPLE LOG(N) FIT MODEL

For the simplest model, we us the experimentally observed fact that on the semi-logarithmic
plotin figure 4.9 the adhesion long-term drift is roughly linear in Region I and III. The
corresponding first order model starts by noting that the adhesion Fpqn(n) in a single
experiment in such a case can be written according to the following equation:

Fadn (1) = Fstart + Farife - 10g(1n) — Farift - 10g(Mstart) (4.9)

In this equation 7 is the number of cycles that the experiment is running in total, and
Ngtart =10 000 cycles: roughly the cycle number from which point most curves plot roughly
linear. Fjiare is the adhesion measured at nger¢ cycles and Fg;ig is a fit parameter that
defines the average slope of the measured curve in region II and III. Both Fsiare and Fypige
can be obtained by curve fitting equation (4.9) to the measured data in region II and III
combined. If we perform this curve fitting procedure for all measured curves we can
calculate the mean and standard deviation of Fg,r¢ and Fg,i; of the measurement. For the
data of figure 4.5 these are given in table 4.3.

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 adhesion force
for large n give the predicted adhesion with its most probable drift, for which we use the
notation {F,qp (n)}. For this model we get as the prediction for the average drift adhesion
boundaries as a function of the number of cycles:

{Fadn (M)} = Fstart (|Fstart| + Fyrife - log(n) — Faife 'log(nstart)) . (4.10)

The prediction of equation (4.10) 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
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n. The predictive power of this model of course depends on the underlying validity of
equation (4.9). With a second model we show that this assumption need not necessarily
be true.

4.6.2. THE RANDOM WALK MODEL

For the second model the adhesion shown in figure 4.5 in region I and III is interpreted as
showing a ‘random walk’ type of behavior. This choice is made because of the erratic drift
of Fpqn that sometimes even changes sign. A simple random walk of a variable Z is defined
as Z, = Z;?zl Zj,with Z; =1 or Z; = —1 with equal probability, and n 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(1Zy)) = 2?” for large n, with the |x| 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 equation (4.9). Hence the deviations
of F,qn, for high n are expected to be larger in the case of the random walk than those in
the log(n) model of equation (4.9). It is true that as the number of cycles increases, the
variation per step is seen to decrease slightly in the measurements (figure 4.6) 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 equation (4.9) becomes:

Fagn(n) = Fstart + AFpw - vn- AFy * v/ Bstart, (4.11)

in which the fit parameter AF,, absorbs the factor \/% and is the random walk equivalent
of Fyife in equation (4.9). The fit parameters are given in table 4.3. For the random walk
model we get as the prediction for the average adhesion plus drift as a function of the
number of cycles:

{Fadn (M)} = Fstart £ (”Fstart” + AFrw - \/ﬁ_ AFrw - v nstart) . (4.12)

4.6.3. DISCUSSION

In figure 4.9 we show a comparison of the two model predictions 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 IIl 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(rn) 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
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Figure 4.9.: Measured adhesive forces and predicted average deviation of the adhesive
force for the log(n) model in equation (4.9) and the random walk model in
equation (4.12).

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.

4,7. 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
maximum 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 ~ 102
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 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 adhesion
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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°.



60 4. THE RUN-IN AND DRIFT OF ADHESION IN SILICON MEMS

4.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 F,¢ (and therefore Feontact) is 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
figures 4.10 to 4.12.
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Figure 4.10.: 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 85V). A small amount of inelas-
tic contact deformation is visible just after snap-off, and an equally small
amount of gradual pullback can be discerned just before snap-off.

Figure 4.10 shows the voltage-displacement curve of the first measured cycle in experi-
ment G. It is one of the smoothest curves in all of the experiments, with a displacement
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 4.11 shows the voltage displacement curve of the 445™ curve of experiment D. In

addition some elastic contact deformation, both ICD and gradual pullback are visible.
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The contact does not deform immediately after the ram makes contact with the counter
surface but only after V¢ has been increased by an additional ~ 7V. In this measurement,
‘gradual’ pullback does not happen gradually, but happens in one discrete jump to the
same 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.
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Figure 4.11.: The voltage-displacement curve of the 445 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 81.5V, 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.

Figure 4.12 shows the voltage displacement curve of the last cycle of experiment D. Both
gradual pullback and ICD are clearly visible, but look very different compared to fig-
ure 4.11. 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 figure 4.11) 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 4.13 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? to 103
cycles. In experiment G the effect also appears suddenly, but only after ~ 10° cycles. In
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Figure 4.12.: 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.

experiments H and Jq4, the gradual pullback length increases more gradually, but suddenly
becomes much higher and somewhat erratic between 10 to 10° 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 [54]
at 40 + 10 %gy was completely absent. Taking into account that the devices used in the
experiments of the current chapter were much newer than the devices used in [54] and
hence much less contaminated, it appears that the device’s contamination history plays a
more important role than relative humidity at these low humidity levels, possibly except
in the case of experiment B (26 %gy).
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Figure 4.13.: 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.






ATOMIC SCALE ADHESION
PHENOMENA IN MEMS

In the previous chapter we presented the results of the measurement of the evolution of
the adhesion force between two MEMS sidewalls in repeated contact. We found that when
a contact is broken, the snap-off is not always instantaneous, but may happen gradually.
In this chapter we study this effect as it occurs in a MEMS device with contaminated
surfaces. The contact shows viscoelastic deformation, hinting at the presence of a tribo-
synthesized rubber-like compound on the surface.

This chapter was published as a standalone conference paper [54]. Some editorial changes were added for
including it in this thesis.
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5.1. INTRODUCTION

A major cause of the unreliability of MEMS devices with contacting surfaces is adhesion
[73]. This is the case not only because adhesion is much stronger than in macro scale
systems, but also because it is highly variable and changes with the amount of contact
cycles[74]. Especially the last issue has a major impact on the long-term reliability of
the devices. It is therefore important that is effect is studied in detail to elucidate the
exact mechanisms that cause it. We have developed an optical setup with a sub-nm dis-
placement and sub-nN force resolution, sufficiently high to follow atomic-scale changes
occurring during repeated contact between the MEMS surfaces.

In this work we will describe two similar experiments to measure the so-called ‘run-in’
behavior of adhesion between two contacting sidewalls: the evolution of the adhesion
force as a function of the number of cycles. These experiments are hence a perfect
showecase for the capabilities of this optical measurement method.
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Figure 5.1.: SEM micrograph of the MEMS tribometer. We only used the normal direction
comb-drives for the adhesion experiments.

We measure the adhesion force between the sidewalls of two identical silicon MEMS
tribometers (figure 5.1). The devices have a comb-drive actuator array that pushes a
‘ram’ against a ‘counter-surface’. A second comb-drive actuator array allows the ram to
be pulled sideways while it is in contact with the counter-surface, to allow the study of
sliding friction. However, in this chapter we only use the first, normal-force comb-drive
array. The ram is suspended by beam springs of which the combined spring constant is
Kspring = 2N/m.

When the voltage on the comb-drives is increased, the ram will move forward until it
makes contact with the counter-surface. A further increase of the actuator voltage will not
cause any motion, but will push the ram against the counter-surface with a larger force. If
there were no adhesion between the sidewalls of the ram and the counter-surface, the
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position of the ram at any voltage would be exactly the same on the way back as it was
on the way forward, and the voltage displacement curve would look like the ‘ideal’ curve
shown in red in figure 5.2. When adhesion forces are present, a snap-in displacement will
show up in the forward-motion of the ram, and a snap-off motion will show up in the
backward motion of the ram. We will refer to a graph like this as a ‘contact cycle’.

The total adhesion force is calculated by multiplying the snap-off distance with the spring
constant Kspring. The contact force that is exerted by the ram on the counter-surface can
be found by extrapolating the parabolic voltage-displacement curve to the highest value
of the actuator voltage, subtracting it from the contact position and multiplying it by
kspring-
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Figure 5.2.: An ‘ideal’ voltage-displacement curve of the ram as it would look when there
are no adhesion or contact forces (red, dashed). When there are adhesion
forces, a snap-in can be observed just before the ram should ideally make
contact with the counter-surface and a snap-off can be observed when the
ram sticks to the counter-surface and is pulled free by the restoring spring
forces.

5.2. EXPERIMENTAL

The MEMS tribometers that we used where fabricated in the MEMSCAP PolyMUMPS
commercial multi-user MEMS process. Two devices were used that we will refer to as
‘device A’ and ‘device B’. They are identical in design and were fabricated in the same
fabrication batch in 2011 on different wafers. Device A was mounted in a ceramic dual
in-line package (DIP) in 2013 and had since then been stored on conductive carbon foam
inside a plastic container. Two months before this experiment took place, the device was
heated to 120 °C at 3 mbar for several hours in an unrelated experiment. Device B had
been stored on the relatively clean MEMSCAP drumhead, on which it was shipped by
MEMSCAP to our laboratory and was mounted in a ceramic DIP about a week before the
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measurement took place. Put in simpler terms: device A is heavily contaminated on the
atomic scale, device B is relatively clean.

Our measurement setup consists of an optical microscope fitted with a CMOS machine
vision camera. It is mounted above a small environmental chamber that contains zero
insertion force (ZIF) socket in which the device under test is placed. To isolate the
system from external mechanical vibrations, the entire assembly is suspended in bungee-
cords inside an acoustic isolation booth on top of a vibration isolated table with active
pneumatic supports. The environment has a controlled relative humidity of 55 %. The
chamber was not closed, but the temperature of its walls was kept at 25 °C.

The displacement of the ram is measured with a technique that employs a basic optical
microscope and camera to detect in-plane displacements with sub-nanometer resolution
(see chapter 2). The region of interest of the camera is centered on a pair of beams of
which one will move together with the ram and the other one is stationary. By fitting an
analytical function to the intensity profiles of these beams and extracting the horizontal
shift, the position of the ram is measured with a position-resolution of 0.5nm.

5.2.1. MEASUREMENT PARAMETERS

For each recorded voltage-displacement curve, the actuator voltage of the ram was swept
in 3000 discrete steps from 65V to 78V for device A and from 60V to 78V for device B.
The maximum contact force was calculated to be ~0.8 uN for device A and ~2.0 uN for
device B. At every step an image was captured from which the ram displacement was
determined using the displacement measurement technique described in chapter 2.
Because recording a single contact cycle this way takes about 50s, it is not practically
feasible to record millions of contact cycles. Instead we recorded 50 sets of 20 consecutive
contact cycles. Between these sets an exponentially increasing number of unrecorded
cycles was performed a much higher rate of 100 Hz, such that the total number of contact
cycles was close to 3 million. One complete experiment took about 22 hours.

5.3. RESULTS

Figure 5.3a shows a typical contact cycle of which 50 x 20 sets were recorded for each
device. From each curve we extracted 3 quantities: the ‘snap-in length), the ‘instantaneous
snap-off length’, and the ‘gradual pullback length’. The snap-in length is the distance
that the ram jumps when it makes contact with the counter-surface when it approaches
the counter-surface. The instantaneous snap-off length is the distance that ram jumps
when it is first pulled free from the counter-surface. The gradual pullback, which is zero
in figure 5.3a, but clearly visible in figure 5.3b, is the distance in which the ram is pulled
free from the counter-surface in a gradual and occasionally stepwise manner. A fourth
quantity, the 'total adhesion length’ can be calculated by summing the gradual pullback
and the instantaneous snap-off. It corresponds to the difference between the last point
where the ram was in full contact with the counter-surface and the point where it has
been pulled free completely.
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In figure 5.4 and figure 5.5 we have plotted the measured values of these four quantities
versus the total number of elapsed cycles. The lines and the error bars represent the mean
and the standard deviation of a set of 20 consecutive cycles. Note that the error bars are
not a measure for measurement uncertainty, but for variability of the adhesion from cycle
to cycle.

5.3.1. CONTAMINATED DEVICE A
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Figure 5.3.: Two contact cycles recorded from device A. (a) The first measured contact
cycle of region I. First the ram approaches the counter-surface, at 71.9V it
snaps into the counter surface. The force is further increased to 786 nN at
78 V. When the force is decreased, the ram sticks to the counter surface until
it suddenly snaps off at 71.55V. (b) The first measured contact cycle of region
IV, after 1914 518 cycles. The contact deforms while the ram pushes against
the counter-surface. On the way back, the contact moves back only slowly,
indicating the presence of a species on the surface with a long viscoelastic
relaxation time. Around 71.1V the ram starts to pull back from the counter-
surface in a step-like way, until it snaps off at 70.95 V.

The adhesion of contaminated device A passes through four regions of distinct behavior
that are indicated in figure 5.4 with roman literals I-IV. Throughout region I, all measured
contact cycles look similar to the one shown in figure 5.3a: the ram snaps off from the
counter-surface in one big jump and the instantaneous snap-off is equal to the adhesion
length.

After 300 cycles (region II) the total adhesion drops, and becomes significantly less vari-
able. The drop in total adhesion coincides with the appearance of gradual pullback in
the backwards motion curve. This behavior is observed in all contact cycles that follow.
Interestingly, the variability of the gradual pullback and the instantaneous snap-off do
not get smaller, but the total snap-off (the sum of their values) does, indicating that the
two are correlated. Throughout region II, the total adhesion gradually increases from
38nN to 56 nN.
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Figure 5.4.: The adhesion force evolution versus the number of contact cycles of for con-
taminated device A. The adhesion develops in four distinct stages of which the
transition boundaries correlate to a change in shape of the adhesion curves.

After 10° cycles (region III) the mean total adhesion drops from 56 nN to 46 nN and
then rises to 74 nN. Throughout region III, the variabilities of the gradual pullback and
the instantaneous snap-off increase by almost a factor 10. From the start of region III,
the variability of the total adhesion is much higher than it was in region II, indicating
that the correlation between the gradual pullback and the instantaneous snap-off has
disappeared.

Figure 5.3b shows the first cycle of the set of measurements that was taken after 1914517
contact cycles. After the ram has snapped-in, the contact deforms when the ram pushes
into the counter-surface and stays deformed when force is decreased. This viscoelastic
behavior first occurs at the start of region III and gradually increases throughout regions
IIT and IV. This phenomenon is most pronounced in the first measured cycle of a set of
20. It appears to relate to the low acquisition speed of the measurement compared to the
100 Hz contact cycles before it, which suggests that this is a dynamic effect related to the
relaxation of a rubber-like compound on the surface.

5.3.2. CLEAN DEVICE B

All of the recorded adhesion curves of device B look similar to the one shown in figure 5.3a:
there is no significant gradual pullback so the total adhesion is always equal to the in-
stantaneous snap-off length. Throughout the experiment the total adhesion decreases
gradually from 260 nN to 140 nN. The variability of the total adhesion in region I varies
between 10 nN and 20 nN, but instantaneously decreases to between 4 nN and 6 nN after
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780 cycles (region II) and stays in that regime until about 300 000 cycles have occurred (re-
gion III). Thereafter, the variability increases to above 10 nN and the mean total adhesion
drops by about 20 nN. From 2 million cycles onwards (region IV), the variability drops to
around 4 nN and the mean total adhesion decreases monotonously.
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Figure 5.5.: The adhesion force evolution versus the number of contact cycles of for clean
device B.

5.4. DISCUSSION

The magnitude of the adhesion force in the cleaner device B is about five times as large as
the adhesion force in the more contaminated device A. This is likely to be caused by the
presence of a larger number of hydrophobic hydrocarbon contaminants on the surface
of device A. The evolution of the mean magnitude of the adhesion force as a function
of the number of elapsed contact cycles develops very differently for the two devices.
In the case of device A, the magnitude of the adhesion force rises and falls alternately
with a larger number of elapsed cycles, while for device B, the adhesion force is almost
monotonously decreasing over the entire range of elapsed cycles. The different regions
that occur in the evolution of the adhesion for device A are correlated with the appearance
of gradual pullback and viscoelastic deformation in the adhesion loops, but for device B,
the adhesion consist only of instantaneous snap-off and no such correlation exists.

Despite these differences there are also a number of similarities. For both devices, the
adhesion force has a large variability throughout region I, but becomes significantly less
variable at the onset of region II. This may be an indication that in region I the surface is
continuously being modified because of the repeated contact. Asperities break and form,
third bodies come into play and covalent bonds are continuously being made and broken.
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After a while the surface topology will have stabilized and all of the dangling bonds will
have been passivated [22], so the adhesion force is now mainly dependent on capillary
forces. The magnitude of the adhesion force is about five times as large in the cleaner
device B than in the dirtier device A. This is likely to be caused by the presence of a larger
number of hydrophobic hydrocarbon contaminants on the surface of device A.

In both devices the variability increases significantly after about ~10° contact cycles. In
device A this appears to be caused by the onset of tribochemical reactions, indicated by
the viscoelastic contact deformation that appears in the voltage-displacement graphs.
Although no such behavior is observed in device B, it is not unlikely that the same physics
is at work. Since the device will not be entirely free of hydrocarbons, tribochemical
reactions are still a possibility.

5.4.1. CONCLUSION

Before the development of our optical displacement technique, it was hard to carry out
adhesion run-in experiments with the resolution achieved in this chapter. The ability to
measure single contact cycles with nanometer accuracy is required for understanding
the physics behind the evolving adhesive contact, which is a major concern for MEMS
device reliability. In this study we have compared two grossly different versions of the
same device (clean and contaminated) and we have observed large differences as well as
similarities in their behavior during a multiple-cycle measurement. Not just the total snap-
off length and total adhesion force are important indicators for the underlying processes,
but also snap-in length, gradual pullback and even viscoelastic contact deformation are
important and can be well observed with our optical measurement technique. We have
found that besides the mean value of these parameters, their cycle-to-cycle variability is
an equally important metric to observe, because it carries information about the different
stages in the evolution of the adhesion during a multi-cycle measurement.

We conclude from this work that the history of a device has a major influence on its contact
mechanics. Gradual pullback and even viscoelastic contacts are likely to be common
phenomena in MEMS devices, that have not been observed before due to the limited
resolution of the measurement techniques that were available until now. The adhesion
force of each individual device varies by a factor four over a total range of 3 million cycles,
while the adhesion difference between the devices varies by a factor seven. It remains to
be seen whether the adhesion will not vary even more with a larger number of cycles. This
presents a major concern for the reliability of MEMS, especially when the surfaces are
contaminated, or become contaminated during their operational lifetime by outgassing
of their package.



MESO-SCALE FRICTION

In chapters 4 and 5 we studied contact adhesion by measuring the displacements normal
to the surface. In this chapter we use our optical displacement detection technique to
measure the lateral displacements of two components in sliding contact to study friction.
We experimentally address a fundamental aspect of friction in MEMS, and of meso-scale
friction in general: the fact that it has not been well understood until now how energy
is dissipated exactly in a meso-scale sliding contact. We observe two separate energy
dissipation mechanisms of comparable magnitude: one related to the microscale surface
roughness, and one related to the nanoscale tribological properties of the asperities.

This chapter was published as a standalone journal paper [75] and corrigendum [76]. Some editorial changes
were added for including them in this thesis.
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6.1. INTRODUCTION

The field of macro-scale tribology — the study of friction, wear, and lubrication - has
long since been occupied with the acquisition of tabular data on lubricants, friction
coefficients and wear rates, under a large number of circumstances. This is extremely
valuable information when designing a macro-scale mechanical system like an engine, or
a mars rover. There are phenomenological models [3-7] which predict the behavior of
macroscale friction forces to a certain extend, but still no physical models exist that are
capable of predicting the tabulated values from first principles.

At the atomic scale, the bottom end of the size spectrum, the situation is rather different.
Great advances have been made in our understanding of atomic scale friction due to the
invention of friction force microscope (FFM), which has led to the discovery of phenom-
ena like atomic stick-slip[77], superlubricity [20, 21], and substrate induced ice formation
at room temperature [18]. The Prandtl-Tomlinson model [2] predicts the tip motion of an
FFM with reasonable accuracy. This is possible because an FFM has only a single point
of contact, or asperity, whereas in a macro-scale system, the total number of asperities
approaches infinity.

Unfortunately, neither the wealth of empirical data available for the macro-scale nor the
‘simplicity’ of the atomic scale directly solves the challenges that arise when operating
somewhere in between these scale regimes: at the meso-scale. At this scale, the contact
area of two touching components is typically of the same order of magnitude as the
surface roughness features, which means that the contact mechanics can differ greatly
from place to place on the very same surface [17]. Tabulating generic empirical data for
engineering purposes is therefore nearly impossible. Because the number of asperities is
larger that one, but too small to be considered infinite, both the analytical and empirical
models are invalid at the meso-scale.

The primary man-made occupants of the meso-scale are MEMS: tiny mechanical devices,
fabricated using the same processes that are used for producing microelectronics. Many
MEMS devices have found their ways into our daily lives, such as airbag sensors, the
inertial sensors and microphones of smartphones, and inkjet printer heads. However,
because of the small size of these devices, the surface-to-volume ratio of their moving
components is much larger than in a macro-scale system. This causes surface interaction
forces to dominate most other forces in the system. MEMS devices that rely on touching
or sliding components for their operation are therefore highly unreliable. The MEMS
community has dealt with this fact mostly by designing and fabricating only devices
without sliding components.

Important steps have already been taken towards a solution. Self-assembled monolay-
ers [78, 79], hard coatings [56], and especially vapor-phase lubrication [69] have been
shown to work well for silicon MEMS devices, and hard materials like silicon carbide [80]
and diamond [47] have been used as a replacement for silicon as the devices’ structural
material.

Despite these practical advances however, our understanding of the physical processes
that govern the contact mechanics in MEMS is still in a poor state. This is in part because
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it is still difficult to measure contact forces in MEMS with a high resolution.

Friction measurements in MEMS are usually performed using MEMS tribometers [44,
81, 82]. These are MEMS devices which have been built specifically to measure friction
forces between two contacting surfaces of the tribometer itself. Friction forces are usu-
ally determined indirectly from the measured displacements of the sliding components
of the tribometer. Many types of tribometers exist today, enabling friction and wear
measurements under many different circumstances.

The data that results from micro-scale friction measurements is highly stochastic in
nature. Details in the measurement data often correspond to singular events that may
or may not occur by chance. The data is therefore often shown either in its raw form
in order to show and discuss these details, or condensed into a single metric like the
coefficient-of-friction, to compare the measurement to others quantitatively.

In this chapter we show a new method for analyzing and visualizing the statistics of
stick—slip friction and the evolution of the friction force. As a demonstration, we measure
the evolution of the friction force between two sidewalls of a polycrystalline silicon MEMS
tribometer with nanonewton resolution during millions of sliding cycles. We will present
the measurement data in the form of a new type of friction loop, and with a hexagonal
bin plot that represents all two million data points in a single graph. By automatically
detecting slip events, we are able to chart the statistics of the stick-slip behavior, extract
the maximum static friction force at each contact position and calculate the variability
of the static friction force within a single loop. An important result of the new data
analysis method is that we are able to determine the real amount of energy dissipation,
which turns out to be split into two different contributions: a semi-static contribution,
related non-stick-slip sliding and pre-sliding tangential deflections [83], and a dynamic
contribution, related to the dissipation of inertial forces during slip motions.

6.2. EXPERIMENTS

The friction experiments were performed with a MEMS tribometer as shown in figure 6.1.
The design is based on the Leiden MEMS tribometer [44]. It consists of a normal loader
called the loader and a sliding slider. Both the loader and the slider are suspended by
folded flexure support springs which act as parallel guides. Each can be moved by a
separate electrostatic comb-drive actuator [84]. Friction between the sidewalls of the
loader and the slider is generated by moving the slider back and forth, while pushing the
loader against it. This is depicted schematically in figure 6.2. The important mechanical
characteristics of the tribometer have been summarized in table 6.1.

The device was placed in an environmental chamber, inside which the atmosphere was
kept at a temperature of 25+ 5 °C and the relative humidity was kept below 5%. The
chamber was fitted with a glass viewport to allow optical access to a Motic PSM-1000
optical microscope mounted above it. The friction sensor was illuminated through the
microscope objective by a liquid light-guide coupled Sutter HPX-L5 90 W LED light source,
which has the equivalent light output of a 150 W xenon arc lamp. Images were captured
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Figure 6.1.: Scanning electron microscope (SEM) micrograph of the MEMS tribometer
used in this study. The inset shows a close-up of the loader and the sliding
slider. The red-dashed rectangle indicates the area on which the optical
microscope was focused to track the position of the slider, Xgjider-

Table 6.1.: Summary of the geometrical and mechanical properties of the MEMS tribome-
ter shown in figure 6.1.The spring constants were calculated analytically using
standard cantilever beam approximations [72]. The sidewall roughness was
obtained from an AFM measurement by van Spengen et al. [64], on a device
that was fabricated using the same technology [71].

Tribometer property Value
Suspended structure thickness 2.0pum
Loader tip radius 10.0 ym
Young’s modulus of poly-silicon [71] 158 + 10 GPa

Loader suspension spring constant, ky;,  2.6+0.2N/m
Slider suspension spring constant, kg 3.9+£0.2N/m
Sidewall RMS surface roughness [64] 13+3nm
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Figure 6.2.: Operation principle of the MEMS tribometer shown in figure 6.1, during the
measurement of stick-slip friction (image not to scale, displacements are
exaggerated). The blue arrows indicate the forces acting on the slider. The
position of the slider is given by Xgjiger- @: Equilibrium, no lateral contact force.
b: The comb drive actuator generates a force that pulls on the slider to which
the loader is currently stuck. c: the lateral contact force keeping the loader
stuck to the slider exceeds the maximum friction force. The loader slips back
to its neutral position and the slider moves to a new equilibrium position. d:
New equilibrium position, no lateral contact force.

by a IDS uEye 3370CP CMOS camera, mounted on top of the microscope. The entire
setup was suspended in bungee cords inside an acoustic isolation chamber mounted on
active pneumatic supports, in order to isolate the device from external mechanical and
acoustical disturbances.

Throughout the entire experiment, a voltage of 85.0 V was applied to the comb-drive actu-
ators of the loader, which pushes the loader against the slider with a force of 669 + 51 nN.
This force was determined from the voltage-displacement relationship of the loader using
the method explained in our previous work on adhesion measurements [54]. Note that
the normal force value given here refers only to the externally applied force. Because of
adhesion, the actual normal force at that contact is somewhat higher and varies during
the experiment.

In order to measure the friction force during a single reciprocating sliding motion, the
actuator voltage of the slider actuator was increased from 0V to 60V in 1000 steps and
back again, while an optical microscope image of the moving slider and a fixed reference
was captured at each step. The voltage step size decreases with the square-root of the
voltage, to compensate for the quadratic relation between the actuator voltage and the
displacement of the slider. This way, the slider moved from 0 nm to 740 nm and back in
2000 equal steps of 0.74 nm. Measuring a single cycle this way takes 36s. The position
of the slider relative to the substrate was determined from the captured images at each
voltage step with a resolution of 0.2 nm, using the curve-fitting technique explained in
chapter 2.

The entire experiment consisted of two parts. First, 200 consecutive sliding cycles were
recorded in order to observe how the pristine surface changes during the first few cycles at
alow velocity. Second, the sliding cycles were recorded in blocks of 20 consecutive cycles,
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Figure 6.3.: Transformation of the raw displacement measurement data a, to an FFM-
style friction loop b, to a MEMS-style friction loop c, to a ‘physical’ friction
loop d. The arrows indicate slip motions. The slopes of the stick-parts of the
friction loops in b and ¢ depend on the spring constants of the measurement
system, and correct interpretation of their horizontal axes requires knowledge
of the measurement system components, which makes them less intuitive to
interpret than the friction loop in d.

in between which an exponentially increasing number of sliding cycles was performed at
an average velocity of 50 um/s. The total number of sliding cycles was 2 249 827.

6.3. RESULTS

The resulting dataset consists of 1000 sliding cycles of 2000 measurement records each.
Each record contains the voltage applied to the slider comb-drive actuators, and the
measured slider displacement x4 relative to the substrate. In section 6.3.1, we show
how to transform these raw values into the lateral force at the contact, F.ontact, and the
position at which the loader touches the slider, xcontact- We then study the evolution of the
friction force and its distribution across the sliding track qualitatively: by analyzing the
individual friction loops in section 6.3.2, and by introducing a new visualization method
that displays many aspects of all recorded friction loops in a single plot in section 6.3.3. In
section 6.3.4 we show how to identify individual slip events and we discuss their statistics.
Finally, in section 6.3.5 we use this information to distinguish between two types of
frictional energy dissipation.

6.3.1. CALCULATION OF THE FORCE AND CONTACT POSITION FROM THE
RAW DATA

Figure 6.3a shows an example of a single measured friction cycle in its rawest form: the
measured slider position xgjiqer Versus the applied actuator voltage. The dashed green
line indicates the ‘undisturbed motion’ xs ynq: the displacement of the slider when it is
not in contact with the loader. The blue data points correspond to the measured slider
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positions during the forward sliding motion, and the orange data points correspond to
the measurement slider positions during the backward sliding motion. At the continuous
parts of the lines, the slider is stuck to the loader. The reason that stick-sections are not
perfectly horizontal, is that the slider can still move while being stuck, due to the finite
bending stiffness of the loader. The arrows connecting the discontinuities indicate slip
events. These are too fast for our measurement system to capture. The data points and
the arrows together constitute a hysteresis loop commonly referred to as a friction loop.
Because the force of friction always acts in the direction opposite to the motion of the
slider, Xglider < Xs,und during the forward motion, and Xgjiger = Xs,und during the backward
motion.

To transform the voltage-displacement curve of figure 6.3a to a force-displacement curve,
we first need to obtain a mathematical relationship between the measured displacement
Xslider, the actuator voltage Vi and the contact force Feontact- A Schematic representation
of the operation of the tribometer is shown in figure 6.2. The black arrows indicate the
forces acting on the slider. The force balance of all forces acting in the x-direction (the
vertical direction in figure 6.2) is given by:
d’®x

2Fy = —Fact + Feontact + Fspring,s =m-: F» (6.1)
where F, is the force exerted by the slider’s actuator comb drives, Fcontact is the contact
exerted on the slider by the loader, and Fsprings is the restoring spring force of the slider
support springs.

d®x

When the device is at rest, Tz

=0, so we can write for the actuator force Fyc:

Fact =Fcontact + Fspring,s (6.2)
=Feontact + Ks * Xslider, (6.3)

where k; is the spring constant of the slider support springs.

We do not actually have to know the value of Fy; to obtain Fiontact- Instead, we can calcu-
late Feontact for every value of V¢ from the difference between the actual displacement of
the slider xgjiger, and the undisturbed displacement of the slider, xs yna. When Feontact =0,
Xslider = Xs,und by definition. So:

Fact =ks - Xs,und for Feontact =0 (6.4)

substitute (6.3) for Fact:

ks - Xslider + Feontact =Ks * Xs,und (6.5)
rearrange the terms:

Feontact =ks - (xs,und - xslider) . (6.6)
We use equation (6.6) to calculate the contact force from our measured values of Xgjiqer-

In AFM-based friction force microscopy, the contact force is usually plotted versus the
cantilever support position. This quantity is very similar to our 'undisturbed motion’ and
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can be explained using exactly the same wording as used above: it represents the position
at which the cantilever tip would have been, if the contact force had been zero. Because
friction force microscopy is older than MEMS tribology, MEMS friction loops are often
plotted the FFM way, which is shown in figure 6.3b. The slope of the stick-parts of the plot
depends on the spring constants of the system. Figure 6.4 shows a mechanical lumped
element model that describes the situation in which the loader is stuck to the slider for
Fact # 0 (Figure 6.2b). From the lumped element model we know the relation between
the slider displacement, xgjiqer, the actuator force, Fyt, the spring constant of the slider’s
support springs, ks, and the spring constant that corresponds to the lateral bending mode
of the loader, ki:

Xslider =Fact ﬁ (6.7)
substitute (6.4) for Fyet, and (6.6) for Xgjiger
Xs,und — Fc%stact =Xs,und * kLkTSks (6.8)
rearrange the terms:
Feontact =Xs,und * M (6.9)
’ kL + ks
finally differentiate with respect to x; ynq:
OFcontact _ ky - ks (6.10)

axs,und ki + ks

This means that the shape of the friction loops depends strongly on the geometry of the
measurement system, which makes them hard to interpret.

A more ‘pure’ way of plotting MEMS friction loops would be to place the measured slider
position xgjiqer On the horizontal axis, as is shown in figure 6.3c. The slope of the stick-
parts of the plot now only depends on ki, which we can prove by substituting (6.3) for

ky,

Fact I
Xslider

ks

Figure 6.4.: Mechanical lumped element model of the slider and loader of the MEMS
tribometer shown in figure 6.1. It shows the equivalent lateral springs con-
stants and forces acting on the slider while the loader is stuck to the slider
due to static friction. This model corresponds to the state of the tribometer as
shown in figure 6.2b. When the loader is stuck against the slider, it acts as an
additional spring in parallel to the folded flexure suspension.
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Fact in (6.7):

1

e 6.11
ki, + ks ( )

Xslider = (Feontact * Ks * Xslider) -

simplifying:
Feontact = Xslider * (kt, +}é) _m (6.12)

and differentiating with respect to xgjiger:
OF, contact

=kt (6.13)
OXslider

This means that k;, can now be calculated from the linear slopes of the friction loops,
which allows for a third type of friction loop to be plotted: the force versus the actual
contact position Xcontact, Where Xcontact is calculated from xgjiqer and kg, using:

Feontact
Xcontact = Xslider — —. - (6.14)

kr,

This type of friction loop is shown in figure 6.3d. We will use it throughout the rest of
this chapter because it offers several important advantages over an FFM-style friction
loop. First, its interpretation requires no knowledge of the geometry and components
of the measurement system. Second, but more importantly, the surface area under any
continuous section of the graph directly corresponds to the energy that was dissipated at
that specific contact range. In an FFM-style friction loop on the other hand, the surface
area under any section of the graph corresponds to the potential energy stored in or
gained from the support springs. Although it is possible to extract the dissipated energy at
every contact position from an FFM-style loop indirectly, doing so is much less intuitive.

6.3.2. RAW FRICTION LOOPS

Several measured friction loops of the experiment are shown in figure 6.5. As promised,
we have plotted the lateral contact force Fcontact ON the vertical axis versus the contact
position X¢ontact ON the horizontal axis.

Stick-slip motion measurements, such as this one, produce friction loops that consist of
two contributions: continuous ‘stick parts’, where the slider is stuck to the loader, and
discontinuous ‘slip parts’, where the slider slips.

The black arrows are drawn between the start and end points of slip events. A slip event
occurs when the actuator force F, becomes greater than the static friction force, the
contact is broken, and the slider moves to a new position where it gets stuck. Note that
we do not have any measurements while the slider is slipping, because our measurement
method is to slow to capture the slider while it is in motion. At every measurement point,
the slider is stationary.

During the first few cycles, the slider is stuck most of the time. As more cycles elapse, the
friction force decreases slightly, and a higher number of slip events occur. After 2 million
cycles, the surface has become smooth, and the friction loops are almost continuous.
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Figure 6.5.: A number of friction loops recorded after an increasing number of contact
cycles (first cycle on top). The arrows indicate slip motion events. The friction
loops are displayed by plotting the lateral force versus the contact position
Xcontact- The color of the data points is proportional to the magnitude of the
friction force, and corresponds to the color scale used in figure 6.6.
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6.3.3. HEXAGONAL BIN PLOTS

Studying graphical representations of all 2000 recorded friction loops is highly informative,
because it allows us to follow how the positions at which the slider sticks change from
cycle to cycle. Unfortunately, printed formats only allows for a few friction loops to be

displayed.
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Figure 6.6.: Hexagonal bin plot of the maximum friction force measured at every contact
position of all friction loops. The color of each bin corresponds to the max-
imum value of Fyiction. The 3D surface plot has been constructed from the
bin values and positions. We have used matplotlib’s [85] perceptually uniform

colormap ‘viridis’.

However, many details of the friction loop shape can be conveyed by using an hexagonal
bin plot [86, 87] as shown in figure 6.6. The graph shows the slider position x¢ontact On the
vertical axis versus the number of elapsed cycles 7¢ycles 0n the horizontal axis.

The hexagonal bin plot is constructed in the following way. First, the graph area is divided
into a honeycomb lattice of hexagonal bins, on top of which all 1.8 million measurement
records of {7¢ycles) Xcontact: Firiction} are scattered. For each bin, a single scalar value is
now calculated from the data points inside it. This value determines the color of the bin.
In principle it can be any metric that describes the data it contains, such as the mean,
minimum, or maximum value, or even simply the value count. In this case, the bin color
corresponds to the maximum value of Fyiction- The plot can be understood as a collection
of all measured friction loops ‘viewed from the top’. It main strength is that it shows the
evolution of the friction force magnitude, and its distribution across the surface in a single

plot.

In the first part of the experiment, in which 200 cycles were measured consecutively, there
are three dominant stick locations, at 0 nm, 250 nm and 600 nm. During the first 10 cycles,
the slider mostly sticks close to the last two locations, but from 20 cycles onward the
slider occasionally sticks at other locations as well. Immediately after the start of the
second part of the experiment, in which fast, unmeasured cycles are executed between
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the measurements, the dominant stick locations are smoothened across the entire motion
range. After 1700 cycles, the overall stick force suddenly increases across the entire surface.
The force gradually decreases again until 65 000 cycles have elapsed and a new friction
force maximum occurs. From this point onward, the friction loops become very smooth
and almost continuous.

We have marked the boundaries of the regions in our experiment in every graph in this
chapter using vertical dashed lines. Their meaning is summarized in table 6.2.

Table 6.2.: Overview of all cycle numbers that mark a significant change in the experimen-
tal results. All of these cycle number are illustrated in the plots in this chapter
using colored dashed lines.

line cycles  event

——— 200  The experiment mode changes from slow to fast
—— 1700  Overall increase in stick force

___-- 65000 Startof overall smoothening of friction loops

6.3.4. STICK—SLIP STATISTICS

Slip events show up in the friction loops as discrete jumps, where the contact position
increases more than the constant step size of the undisturbed motion. We automatically
labeled pairs of data-records {p,, pn+1} as stick-slip pairs when the following conditions
are true simultaneously:

D - (Xcontact,n+1 — Xcontact,n) > 2 AXynd (6.15)
-D- (Fcontact,n+1 - Fcontact,n) >2- ks : A-xund (6-16)

where D = 1 if the actuator voltage increases (forward sliding direction) and D = —1 if the
actuator voltage decreases (backward sliding direction). Axynq = 0.74nm is the constant
displacement step size as measured in the undisturbed motion curves. This allowed us to
give each 'point of stick’ (the continuous parts of the friction loops) and each stick-slip
point pair (the arrows) a unique label, analyze their individual properties and study how
their statistics develop as a function of the number of elapsed cycles.

When using a simple thresholding algorithm to detect steps in data, as we are doing
here, the smallest detectable step is determined by the noise level of the data. In our
case, the RMS displacement noise is and exceptionally low o, = 0.2nm. As a rule of
thumb, a safe detection threshold is often taken as 60 = 1.2nm. This is less than twice the
minimum displacement step of 2- Axynq = 1.48nm which we are trying to detect, so our
thresholding algorithm will yield reliable results for this dataset. For more noisy data this
simple approach will not work, and a more robust step detection algorithm should be
used, such as the one discussed by Yao and Li [88].
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Figure 6.7.: Scalar quantifiers obtained from the individual friction loops plotted versus
the total number of elapsed cycles. a: The mean friction force per cycle, b: the
standard deviation of the measured friction forces per cycle, and c: the total
number of slip events per cycle.

The maximum absolute value of the lateral force at each point of stick is the static friction
force at that specific location. Figure 6.7 shows the mean of the friction forces measured
per cycle, their variability, and the total number of slip events in each measured cycle.

Figure 6.8 shows evolution and spread of the coefficient of (static) friction p;s. Each
data point is obtained by dividing the maximum lateral force before a slip occurs by the
externally applied normal pushing force of Fyy = 669 + 51 nN. During the first ~10° cycles,
the mean coefficient of friction per cycle varied roughly in the range between the values
of the static and dynamic coefficients-of-friction for glass-glass contacts of 0.94 and 0.4
respectively. After ~10° cycles the coefficient of friction decreased down to 0.12. The
variability of the friction coefficient follows the same trend as the mean friction force
shown in figure 6.7b.

6.3.5. SEMI-STATICALLY AND DYNAMICALLY DISSIPATED ENERGY

Our friction loops consist of two contributions: continuous ‘stick parts’, where the slider
is stuck to the loader, and discontinuous ‘slip parts’, where the slider slips from one stick
part to the next. When we calculate the dissipated energy from a friction loop, we have to
treat these two contributions separately. We will refer to the energy dissipated while the
slider is stuck as the semi-statically dissipated energy, and to the energy dissipated during
the slip events as the dynamically dissipated energy.

We choose the term ‘semi-static’ because it refers to the parts of the measurement where
the slider is stationary, and no inertia is involved. However, every dissipation process
is inherently dynamic, not static, which is why we have added the ‘semi’-prefix. The
physical mechanisms by which semi-static dissipation occurs, may involve e.g. small
contact deformations and plastic yield of the contacting surfaces.
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Figure 6.8.: The coefficient of static friction: the maximum friction force before a slip
occurred divided by the externally applied normal force. To provide a macro-
scale frame of reference for the magnitude of these values, the horizontal
dashed light gray lines indicate the empirical values of the static (0.94) and
dynamic (0.4) coefficients-of-friction for bulk glass—glass contacts [89].

The term ‘dynamic’ refers to the fact that the underlying dissipation mechanisms are
related to the dynamic behavior of the slider. While the slider is slipping, it may slide
viscously and break weaker asperities along its path. When it finally gets stuck again, it
will dissipate the remainder of its kinetic energy on impact.

The calculation of both energy contributions is illustrated in figure 6.9a. We obtain the
semi-statically dissipated energy by integrating Fiiction With respect to Xcontact between
the start and end of a single stick part:

Xend
Estatic = / Firiction dXcontact » (6.17)
X,

start
where Esayic is the semi-statically dissipated energy.

The dynamically dissipated energy cannot be found by a similar integration method,
because we do not have any position measurements during the slip motion itself. We only
know where the slider starts slipping, and were it gets stuck again. However, the energy
dissipated in a slip motion must be exactly equal to the decrease in potential energy
stored in the slider support springs, regardless of exactly when and by which mechanism
the energy is converted to heat. This means that we can calculate the energy dissipated in
a single slip event from the difference between the spring energy Egpring just before, and
immediately after the slip motion. The energy stored in the springs at every measured
force is given by

1( 1 1 2
Espring = E E + k_s Friction” (6.18)
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Figure 6.9.: a: Illustration of how the semi-statically dissipated energy and the dynami-

cally dissipated energy are obtained from a friction loop. The semi-statically
dissipated energy is the surface area below the continuous ‘stick parts’ of
the friction loop. The dynamic energy is the surface area of the right-angled
triangle defined by the slip arrows. This friction loop was recorded after 53818
sliding cycles. It was selected because its semi-statically dissipated energy
roughly equals its dynamically dissipated energy. b: The dissipated energy
versus the number of elapsed sliding cycles. The dynamic energy is the energy
dissipated in slip motion events. The semi-statically dissipated energy is the
energy dissipates while the loader is stuck but the contact yields somewhat.
At low cycle numbers most energy is dissipated in the large slip events (see
figure 6.5). At very high cycle numbers, the friction loops have become very
smooth, and almost all energy is dissipated semi-statically.
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so the dynamic energy is:

Edynamic = Espring|xbefore - Espring')cafteI (6.19)
where Egynamic is the dynamically dissipated energy of the slip motion.

Note that the dynamic energy is not equal to the surface area below the arrows in the
friction loop.!

Figure 6.9b shows the semi-statically dissipated energy and the dynamically dissipated
energy of each cycle, as well as the mean of their sum, versus the total number of elapsed
cycles. In the first part of the experiment, most energy is dissipated dynamically, with
a large variability. After the experimental mode is changed at 200 elapsed cycles, the
dynamic energy decreases but the semi-static energy remains constant. After 1700 cycles,
the dynamic part of the dissipated energy decreases, while the semi-static energy starts
to increase monotonically. After 65 000 cycles, the dynamically dissipated energy quickly
decreases to zero. The semi-static energy however, keeps increases monotonically, until it
finally starts to flatten off after one million cycles.

6.4. DISCUSSION

Our visualizations of the individual friction loops in figure 6.6, the aggregated quantities
shown in figure 6.7 and the dissipated energy, together paint an indirect, yet lively picture
of the events that occurred at the contact.

6.4.1. PHYSICAL INTERPRETATION OF THE RESULTS

During the first part of the experiment the slider moves over the surface in several large
jumps. The locations at which the slider sticks do not change much. After the experiment
changes, high speed sliding motions are executed between the measured cycles, and the
surface changes instantly. This is because the inertia of the moving slider is now large
enough to break the highest interlocking asperities, which has a noticeable effect on the
magnitude of the friction force (Figure 6.7a), the dynamically dissipated energy, and the
friction coefficient. Because these surface changes happen during the fast cycles that are
not measured, the surface remains relatively stable during the recorded measurement
blocks where the slider inertia does not play a role and the available forces are not large
enough to modify the contact significantly. This is confirmed by an sharp decrease of the
force variability (Figure 6.7b) after the measurement type changes.

After 1700 cycles, the breakup of a large third body or asperity significantly increases the
mean friction force and the friction coefficient, which causes a sharp increase in the
amount of semi-statically dissipated energy. From this point onward, the total number

1We got this wrong initially, and stated that the dynamically dissipated energy should be equal to the surface
area of the right-angled triangles defined by the slip arrows, excluding the square between the lowest part of
the arrow and the x-axis. We rectified this mistake in a published corrigendum [76].
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of slip events gradually increases while the friction force, friction coefficient and the
dissipated energy decrease monotonically.

Around 65 000 cycles we observe the formation and destruction of an obstacle near the
center of the sliding track, which is indicated by a peak in the mean friction force, the
coefficient of friction, the force variability, and the total dissipated energy. A remarkable
transition in friction behavior follows. The amount of slip events almost triples, yet the
dynamically dissipated energy quickly approaches zero. The semi-statically dissipated
energy, which had been rising steadily since the start of the experiment, becomes the
dominant energy dissipation mode.

The friction loops are now almost completely smooth, which indicates that the previously
dominant stick-slip behavior has changed to normal sliding. However, the shape of the
friction loops has become highly asymmetric. For both directions of motion, the friction
force gradually decreases when Xcontact is near the edge of the sliding track. In some cases
it even becomes negative, indicating that at certain positions, the slider is being dragged
along rather than being held back. Our hypothesis for explaining this behavior, is that a
small amount of viscous slurry is formed at the contact, which consists of the pulverized
remains of SiO, debris, carbon contaminants, and a small amount of adsorbed water.
A small excess of the slurry at the far ends of the sliding track will pull on the slider by
capillary action, which accounts for the observed negative friction forces. The excess of
slurry increases capillary adhesion, which in turn increases the local static friction force.
This accounts for the fact that the slider sticks at the far ends of the sliding track after the
direction of motion is reversed. The slurry will also introduce some visco-elastic behavior
along the length of the sliding track, and may in part be responsible for the smooth sliding
behavior during the final stages of the experiment.

The steady rise of the semi-static energy after 1700 cycles, may be caused by a gradual
increase of the contact area due to flattening. This would increase the adhesion forces
acting between the contacting surfaces, which in turn increases the friction force, as well
as the amount of dissipated energy.

6.5. CONCLUSION

We have successfully measured the evolution of the static friction force between two
contacting silicon MEMS sidewalls with a resolution of 0.6 nN. By compensating for the
in-plane bending spring constant of the loader, we were able to obtain the friction force as
a function of the real point of contact rather than the equivalent of the cantilever support
position of an FFM measurement. This results in a more intuitive type of friction loop,
because it does not require any knowledge of the measurement system with which the
data was acquired.

Hexagonal bin plots are an effective visualization method for studying the evolution of
the friction force in a reciprocating sliding motion as a function of any variable. Figure 6.6
gives a clear qualitative description of how the shape of the friction loop changes as a
function of the total number of elapsed friction cycles.
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The identification of individual slip events allowed us to split each friction loop into
sections of stick and sections of slip, and we obtained two distinct mechanisms by which
energy is dissipated. The semi-statically dissipated energy is related to the deformation
of the contact by a variety of physical mechanisms, before actual sliding occurs. The
dynamically dissipated energy is related to the slider dynamics during the micro-scale
slip motions and to the impact when the slider gets stuck again.

We have measured the variability and drift of the static friction coefficient (Figure 6.8),
the mean static friction force (Figure 6.7a-b), and the number of slip events (Figure 6.7c)
as a function of the total number of elapsed cycles. The coefficient of friction is not an
adequate metric by itself to describe the characteristics of friction in MEMS, because of
its large variability with each friction cycle.

After a large number of sliding cycles the friction loop shapes remain the same. The
semi-statically dissipated energy gradually increases throughout the experiment and
levels off after one million cycles, indicating that the ‘run-in’ of the surfaces is complete.
The dynamically dissipated energy is more variable than the semi-statically dissipated
energy and decreases throughout the experiment, and eventually becomes zero when the
stick-slip behavior of the contact has changed to continuous sliding.

The simultaneous existence of these two energy contributions in the same order of mag-
nitude appears to be unique to the meso-scale, and to its characteristic multi-asperity
contact. It would be of great value to study how these energies behave in meso-scale
and atomic scale friction force microscopy measurements under well controlled circum-
stances. The ability to disentangle the dissipated energy into two physically different
contributions will enable more accurate conclusions to be drawn from all friction loop
measurements.
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CONCLUSION

“In every branch of knowledge
the progress is proportional to
the amount of facts on which
to build, and therefore to the
facility of obtaining data.”

(James Clerck Maxwell [90])
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CONCLUSIONS AND DISCUSSION

This thesis has presented a method for measuring friction and adhesion in MEMS. In part I
we have demonstrated an optical measurement technique for measuring sub-nanometer
displacements and sub-nanonewton forces in MEMS. In part IT we applied this technique
to measure adhesion forces and friction forces between the etched sidewalls of MEMS
tribometers with an unprecedented resolution. These are the main conclusions:

* Optical microscopy can be used to measure adhesion and friction forces between
MEMS sidewalls with sub-atomic position resolution.

* The adhesion force between polycrystalline silicon MEMS sidewalls does not stabi-
lize, even after millions of repeated contacts.

* The energy dissipated due to friction can be separated into two independent con-
tributions: the semi-statically dissipated energy, and the dynamically dissipated
energy.

* Hexagonal bin plots are an effective way to visualize the evolution of the friction
force.

We will now discuss these in more detail, and show that we have achieved our main goal:
to develop and test a method for measuring atomic-scale contact mechanical phenomena
in MEMS, and meso-scale systems in general.

7.1. OPTICAL DISPLACEMENT MEASUREMENTS

In chapter 2 we demonstrated a measurement technique based on optical microscopy and
curve-fitting. We have achieved an in-plane displacement resolution of 64 pm by fitting a
shifted spline function through the intensity profile of a silicon beam that was imaged
with an optical microscope and a CCD camera. The displacement noise is dominated by
photon shot noise which is the limiting factor for the resolution of the measurement. The
effect of photon shot noise can be decreased by increasing the intensity of the light source,
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increasing the contrast, averaging or binning multiple lines, or by averaging multiple
images.

If the width of the image of the moving feature is much larger than the width of a single
camera pixel, the amount of displacement noise depends only on the total amount
of light received, and on the image contrast [45]. The lower limit of the resolution is
determined exclusively by the intended frame rate of the measurement. The requirements
for the resolution and frame rate of a displacement measurement are determined by the
application. Whether or not the intended combination of resolution and frame rate can
be achieved with a given measurement setup is determined by a number of factors related
to the hardware used:

* The maximum frame rate of the camera. This is determined by the read-out fre-
quency of the sensor and by the speed of the camera interface.

* The pixel width of the camera’s imaging sensor. Larger pixels capture more light
than smaller ones in the same amount of time.

* The amount of reflected light picked up by the microscope and transmitted to
the camera. This is determined only the numerical aperture of the microscope
objectives and by the brightness of the light source.

* The amount of stray light picked up by the microscope and transmitted to the
camera. This is determined by the depth of field of the microscope objective, which
in turn depends on the objective’s magnification and on its numerical aperture.
The larger the numerical aperture of the objective and the larger the magnification,
the smaller the depth of field.

The noise figure of our measurement setup was found to be 35.3 pm/+/Hz for the slow
measurements performed with a CCD camera, and 36 pm/+v/Hz when performed with a
high-speed line scan camera. This proves once more that the shot noise of the light is
responsible for the noise floor in these experiments, not the properties of the camera.

When building a new measurement setup, this list above can be translated loosely into
“buy the most expensive hardware”, which is more or less valid for the microscope. When
it comes to selecting a camera, however, paying extra for more pixels on the same sensor
area does not result in a higher displacement measurement resolution. Large pixels and a
fast readout are always to be preferred to a high pixel density.

The measurement resolution can be further improved by optimizing the following prop-
erties of the MEMS device under test:

* The brightness of the moving features. This is determined by their width, and by
the reflectivity of the material they are made of. Every single feature should be a
few times larger than ~0.5 um: the tiniest feature size resolvable with visible light.
By imaging a pattern of N identical features, the eventual resolution is increased by
afactor V'N.
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* The contrast of the moving features compared to the background. This is deter-
mined by the reflectivity of the surface below the moving feature, and by the out of
plane distance of the feature’s surface to the substrate below it.

In all of the work presented in this thesis, we have used MEMS tribometers based on
the Leiden MEMS tribometer [91], without adjusting their designs to improve the mea-
surement resolution according to the recommendations listed above. We typically only
imaged a single beam of the parallel guide suspension of the tribometer, instead of a
grating structure optimized for use as tracking target in optical measurements.

7.2. ADHESION IN MEMS

Because of the sub-nanonewton force resolution of our measurement technique, we
were able to observe the adhesion force between polycrystalline silicon MEMS sidewalls
with unprecedented detail. For the first time, we obtained a quantitative insight in how
MEMS contacts evolve over a large number of contact cycles under low force and low
humidity conditions. The results in chapter 4 clearly show the large variations in the
contact mechanics of ‘identical’ MEMS devices. Local variations in surface roughness the
resulting variations of the local contact pressure and capillary condensation play a major
role in determining the strength and evolution of the adhesive force in these contacts.

Although the cycle-to-cycle variability of the adhesion force decreases after ~ 100 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 during millions of cycles is comparable
in magnitude to the initial drift during run-in. It is therefore possible to predict the
long-term behavior of the adhesive contacts in MEMS devices, based on an experiment
considerably shorter than the intended life-span of the device.

At higher levels of relative humidity (> 50 %gn), the behavior of the adhesion force will be
dominated by capillary condensation, at which point the conclusions of this work are less
relevant. Gkouzou et al. [53] demonstrated that the adhesion force will vary even more
than it already does at low humidity, and that the amount of variability depends strongly
on temperature in a non-linear fashion.

The adhesion measurements presented in appendix 4.A and chapter 5 show that after
a large number of contacts, snap-in and snap-off are not always purely instantaneous.
In our measurements, this results in non-zero displacements during contact. We called
this effect Inelastic Contact Deformation (ICD), because the forward and backward dis-
placement curves do not overlap. We identified three different reasons why ICD may
occur:

» Lateral sliding. in case contact is made on the slope of an asperity, the contact
will slide sideways and settle into a more stable position when the normal force is
increased. Before snap-off occurs, the contact will slide back to its initial position
before snap-off occurs.
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* Forming and breaking of covalent bonds. The force required to break a single
bond between two SiO, molecules is in the order of ~2.9nN [22]. The lowest force
resolution we have achieved in our adhesion experiments was 0.5 nN, which is
well below the force required to separate a single covalent bond between two SiO,
molecules. However, this value depends on the angle under which a force is applied
to it and the total number of covalent bonds between the contacting surfaces varies.
The breaking of covalent bonds does not show up as a single instantaneous step
of fixed size, but as a gradual pullback before snap-off. Indeed, we have observed
gradual pullback in all long-running adhesion experiments. In each case, the
magnitude and variability of the effect increase rapidly, after ~10° cycles. This is
consistent with the fact that the surfaces first need to undergo a certain amount of
stress and damage, before vacancies for covalent bonds are created. The formation
of chemical bonds does not result in deformations of the contact after snap-in.

* Viscoelastic deformation. this effect was present only in two experiments, and it
only occurs after ~10° contact cycles; well after the phase of forming and breaking
of covalent bonds. After snap-in, the contact deforms monotonously with the
increasing normal force by as much as 15nm, but only after the contact has had
15 £ 5 s to ‘relax’. The effect is much less pronounced between subsequent contacts
that occur within seconds from each other. This dependence on a relaxation time,
proves that the effect is dynamic. We speculate it to be caused by the in situ tribo-
synthesis of a viscous, silicone-like compound that may form on the surface due to
chemical reactions between hydrocarbon contaminants, adsorbed water and SiO,
wear debris.

We will discuss several additional experiments required to confirm these hypotheses in
chapter 8.

7.3. FRICTION IN MEMS

We have successfully measured the evolution of the static friction force due to wear
between two contacting silicon MEMS sidewalls. The achieved resolution was 0.6 nN. By
compensating for the in-plane bending spring constant of the loader, we were able to
obtain the friction force as a function of the real point of contact rather than the equivalent
of the cantilever support position of an FFM measurement. This produces a friction loop
of which the interpretation is more straightforward.

Hexagonal bin-plots are an effective means to visualize the evolution of the friction
force at every point of contact during a friction experiment of many repeating sliding
motions. Figure 6.6 gives a clear qualitative description of how the shape of the friction
loop changes as a function of the total number of elapsed friction cycles.

We have measured the variability and drift of the static friction coefficient (Figure 6.8),
the mean static friction force (Figure 6.7a-b), and the number of slip events (Figure 6.7c)
as a function of the total number of elapsed cycles. The coefficient of friction is not an
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adequate metric by itself to describe the characteristics of friction in MEMS, because of
its large variability with each friction cycle.

The identification of individual slip events allowed us to split each friction loop into
sections of stick and sections of slip, and we obtained two distinct mechanisms by which
energy is dissipated. The semi-statically dissipated energy is related to the deformation
of the contact by a variety of physical mechanisms, before actual sliding occurs. The
dynamically dissipated energy is related to the slider dynamics during the micro-scale
slip motions and to the impact when the slider gets stuck again.

After a large number of sliding cycles the friction loop shapes remain the same. The
semi-statically dissipated energy gradually increases throughout the experiment and
levels off after one million cycles, indicating that the ‘run-in’ of the surfaces is complete.
The dynamically dissipated energy is more variable than the semi-statically dissipated
energy. It decreases throughout the experiment, and eventually approaches zero when
the stick-slip behavior of the contact has changed to continuous sliding.

The ability to disentangle the dissipated energy into two physically different contributions
will enable more accurate conclusions to be drawn from all friction loop measurements.
Friction data obtained by FFM is typically displayed as the lateral force versus the position
of the cantilever support, because the position of the tip is not measured directly. However,
the position of the tip can be calculated from the support position using

F

Xtip = Xsupport — , (7.1)

ktorsion

where kiorsion iS the effective linear spring constant of the FFM cantilever at the tip in N/m.
The value of kiorsion can be calculated from the slopes of the stick-parts of the measured
friction loops, or from the length of tip and the torsional stiffness of the cantilever.

In this work we have separated the dissipated energy into two contributions. However,
we are yet to understand which forces exactly contribute the most to energy dissipation.
In some cases it is clear that the friction or adhesion force is dominated by capillary
effects, but this is mostly based on a rough qualitative assessment: if the force is high, it
is dominated by capillary effects, if it is ‘low’, it is dominated by Van der Waals. In both
cases, there will also be a contribution of covalent bonds between the asperities of the
contacting surfaces.

For all measurements we reported on, a good experimental setup, combined with clever
post-processing is required to unearth the information present in the dataset. The work
presented in this thesis shows that it pays to go much further in terms of computational
analysis of the measured data than is usually done in the field of MEMS. Further de-
velopment of the methods presented in this thesis will lead to a better fundamental
understanding of the contact mechanics of MEMS, and of meso-scale systems in gen-
eral.






FUTURE WORK

In section 7.1 we have formulated a set of guidelines to maximize the resolution and
framerate for in-plane optical displacement measurements based on curve fitting. We will
now recommend several improvements to the measurement system in order to realize
its full potential. We will also describe several new friction and adhesion experiments,
designed to answer research questions that remain open.

The atomic scale detail of our measurement results raises many fundamental questions
about the behavior of meso-scale contacts. The reason why it is so hard to run an ex-
periment with repeatable results, is that we still only have a vague idea of the variables
that influence the measurements. For example, contamination of the surfaces is likely to
play an important role. In order to do a repeatable experiment, one obvious solution is
to clean the surfaces with an oxygen plasma. However valuable, in a real MEMS device,
the surface is not likely to stay clean for very long, so the results once more have a very
limited predictive power for real world meso-scale contacts.

It is possible to repeat the experiments discussed in this thesis here under more carefully
controlled atmospheric conditions and temperatures. In order to obtain results of sta-
tistical significance, they should be repeated under identical conditions with multiple
devices per experimental parameter. This could provide valuable information for the
design and reliability analysis of MEMS devices. However, because the surface roughness
and microstructure of the contacting surfaces, it is doubtful how repeatable the obtained
results are for experiments run under the same atmospheric conditions, but with devices
produced in a different microfabrication process. These experiments are therefore better
left to commercial MEMS foundries, in order to provide their clients with data on the
tribological behavior of their MEMS devices. In order to further the fundamental research
on meso-scale contact mechanics, a different approach should be taken, accepting that
no experiment will result in a generic outcome that applies to every MEMS device, every
time, and to embrace the unpredictability of the experimental results, rather than to fight
it.

Instead, experiments should be designed such that as much information is known about
the environment, the surfaces, and the microstructure of the devices under test as possible.
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For example, it would be highly valuable to include an IR-spectrometer, or a Raman
spectrometer in the microscope setup, such that the changes of the surface texture and
chemical composition can be measured in situ, while an adhesion or friction experiment
is running.

8.1. MORE EXPERIMENTS

In order to confirm that the viscoelastic behavior observed in the adhesion and friction
measurement indeed has the same physical origin, a similar friction experiment could be
set up, interspersing the sliding cycles with adhesion measurement along the sliding track.
In order to deliver a final proof for the existence of the viscoelastic compound, the worn
surfaces should be further analyzed using high resolution Scanning Electron Microscope
(SEM) and Transmission Electron Microscopy (TEM) measurements performed shortly
after the adhesion or friction experiments. It might even be worth it to execute a long
running adhesion or friction experiment inside the chamber of a SEM, so the physical
changes to the surfaces can be monitored in sitfu. However, because a SEM can only
operate under vacuum conditions, the results are likely to differ from results obtained at
atmospheric pressure.

8.2. IMPROVEMENTS TO THE OPTICAL DISPLACEMENT
MEASUREMENT SYSTEM

Besides expanding the capabilities for in situ monitoring of additional variables as de-
scribed above, there a many ways to improve the optical displacement measurement
technique itself, which will enable many new experiments.

8.2.1. SIMULTANEOUS MEASUREMENT OF DIFFERENT REGIONS

To obtain a more accurate picture of what exactly happens in the tribometer during a
friction measurement, especially when measured at high speed, it would be of great value
to be able to monitor the displacements of both the slider and the loader, and each in two
directions. This requires a modification of the acquisition software, which should allow
for multiple regions of interest to be recorded simultaneously. This improvement would
enable the aforementioned measurement scenario, in which adhesion curves are acquired
in between friction measurements to provide information about the evolution of the local
adhesion force. This experiment does not strictly require simultaneous measurement of
the slider and the loader displacements.

When the displacements of the slider and the loader are measured simultaneously how-
ever, the loader is essentially turned into an AFM. For every position of the slider, the
orthogonal loader displacement carries information about the combined height of the
contacting surfaces. Although no traditional 2D surface plot can be obtained, the loader
displacement provides a direct measure for the evolution of the surface roughness.
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8.2.2. REAL-TIME ANALYSIS OF MEASUREMENT DATA

The software that currently controls the acquisition of images used as input for our
displacement detection algorithm should be extended to allow real-time analysis of the
image data. The curve-fit algorithm is able to process about 1000 images per second,
which is already faster than the low speed friction measurements we have presented in
chapter 6. Calculating the displacements directly after the image has been acquired saves
a lot of time currently spent in post-processing the data. It would also enable real time
calculation of the noise figure, which would simplify configuring an experiment. Most
importantly though, it allows stick-slip and adhesion snap-off events to be detected in
real-time which opens up an enormous amount of possibilities.

Instead of measuring repeated adhesion snap-in and snap-off by actuating the loader with
arepeating waveform, the flow of the experiment would become much more dynamic.
For example: the actuator voltage is slowly increased, with the smallest possible step size.
When snap-in is detected, the experiment is immediately paused for a fixed amount of
time, Tsnap-in, allowing the contact to stabilize. Then the applied normal force is increased
at a rate of Fpush to the maximum pushing force Fi,ax and the contact is allowed to relax
for Tr,,,. Then, the normal force is decreased at a rate of Fiejax to the value where snap-in
occurred, and is then further decreased at a different rate Fpull until snap-off is detected.
The experiment is then paused for a fixed amount of time to allow the contact to stabilize,
and the cycle repeats.

This measurement unlocks no less than 6 new experimental variables that can be con-
trolled independently. In addition, the cycle rate will become much faster, and much less
data will need to be stored per cycle, because storage of the approach and retract curves
is no longer needed.

8.2.3. SINGLE PICOMETER PER SQRT-HERTZ

It should be possible to develop a MEMS tribometer capable of providing a displacement
noise figure of 1 pm/v/Hz, which is equivalent to a resolution of 0.2 nm at 100 000 fps.
This will enable the measurement of friction loops and adhesion curves of similar quality
as the measurements shown in chapter 6, while capturing the stick-slip dynamics of the
slider and loader as a function of time. A first step could be to optimize the current design
of the tribometers, by using larger, repetitive structures for measuring displacements.
More radical changes might be necessary, such as coating the surface with metal to make
it more reflective, or even by completely etching away the substrate from underneath the
detection features to obtain a darker background.

Assuming that these measures will improve the contrast by a factor of 10, and that a
grating of 60 parallel beams is used to measure displacements, this decreases our current
noise figure of 35.3 pm/vHz to 1/v/600 x 35.3pm/vHz = 1 pm vHz.
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8.2.4. DYNAMIC DATA STORAGE AND PARALLEL PROCESSING

The combination of 1 pm/v/Hz resolution and measuring in real-time, with automated
dynamic control logic would yield the ultimate measurement system for meso-scale con-
tact mechanics. It will become possible to measure the evolution of friction and adhesion
forces for billions of consecutive cycles without the need to periodically perform sets
of unrecorded cycles at a higher rate to decrease the total measurement time. However,
the data sets produced by these experiments will be truly enormous. Imagine a similar
friction experiment as the friction experiment of chapter 6, but at a fixed sliding rate of
10 Hz, while recording the displacements of both the slider and the loader at 100 000 fps.
Assuming the width of the observed regions of interest of the loader and the slider is 500
pixels, this would produce 10° x 500 x 2 = 108 intensity profiles per second, or 100 MB/s
assuming a rather meager 8-bit resolution. For an experiment of one million sliding
cycles, this would require 10 TB of storage, which easily exceeds the capacity of a single
hard drive at the time of writing.

Managing and analyzing data sets stored in a distributed database is non-trivial, and it is
in fact an active field of research by itself. However, when the displacement analysis is
carried out while the experiment runs, the raw data can be discarded, or streamed to a
magnetic tape archive. Assuming only the displacement data is kept, this would require
only 10 GB of storage, which is much more reasonable.

Because displacement results are available in real time, a decision of whether or not the
data is interesting enough to keep, can be taken automatically by a simple algorithm.
For each measured friction loop, the data can be run through a running average filter
and sub-sampled to a few thousand data points. This yields a similar friction loop as
shown in chapter 6, but with a much higher resolution. For the stick sections of the
loop, the high-speed information can be discarded, but for the slip sections of the loop
it should be kept. The result will be a tidy dataset of force-displacement curves with
numbered sections, and a supplementary dataset of time-displacement curves for every
single occurrence of stick-slip motion.
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SUMMARY

The strange and unpredictable behavior of meso-scale adhesion and friction forces is
a practical problem for the development of microelectromechanical systems (MEMS)
with contacting surfaces. To overcome the associated limitations when designing MEMS
devices, the first obstacle to remove is the fact that it is hard to measure displacements
and forces in MEMS with sufficient resolution to discern atomic scale details from these
meso-scale measurements.

In this PhD thesis we show how an non-invasive, optical method can be used to measure
forces and displacements in MEMS with sub-nanometer resolution. It is fundamentally
impossible to optically measure topological details below 500 nm in size, due to the wave-
like nature of light. However, the location of a moving feature can be tracked with a much
higher resolution, by curve-fitting a mathematical function to its shape.

We demonstrate how this curve-fitting method can be used to measure displacements
with resolution of ~0.2nm in a typical adhesion or friction force measurement. We
have use this technique with several different cameras, including a low noise, large pixel
Charge-Coupled Device (CCD) camera and a high-speed Complementary Metal-Oxide-
Semiconductor (CMOS) line scan camera. Although the absolute displacement resolution
scales with the square-root of the exposure time, the noise figure per bandwidth was
found to be similar for both cases, ~35 pm/ vHz, which proves that resolution limit of
these measurements is determined solely by the photon shot noise of the light used to
acquire the images.

We applied our curve-fitting technique to measure adhesion forces between the sidewalls
of MEMS adhesion sensors using an unprecedented subnanometer and subnanonewton
displacement- and force resolution. We measured the evolution of the adhesion force in
several ‘identical’ MEMS devices during millions of repeated contacts. We observed that
their behavior is vastly different. However, we found that the magnitude and variability of
the adhesion force stabilizes after about fifty thousand cycles. After a quarter of a million
cycles, the adhesion forces began to drift again, and no stabilization was observed until
the experiment was stopped after a total of three million cycles.

In some adhesion experiments, we have observed a ‘gradual pullback’ of several nanome-
ters before the moving loader of the MEMS adhesion sensor snaps off from the counter
surface it was pushing against. The origins of this effect may differ from case to case. We
believe we have seen evidence of viscous tribochemical compounds being synthesized at
the contact.
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We also applied our curve-fitting technique to measure friction forces between the side-
walls of MEMS tribometers, again with a sub-nanometer and sub-nanonewton resolution.
We propose an intuitive way of visualizing friction loops obtained from MEMS tribometer
measurements. We were able to detect stick-slip events automatically from the result-
ing data. This allowed us to separate the dissipated energy into two contributions: the
‘semi statically dissipated energy’, which is dissipated during stick, and the ‘dynamically
dissipated energy’, which is dissipated during slip.

The atomic scale details resulting from the adhesion and friction measurements clearly
demonstrate the potential of our optical measurement technique, applied to in situ
measurements of MEMS devices. By further optimizing the geometry of the MEMS tri-
bometers, the noise figure of the measurements can be pushed down towards 1 pm/v/Hz.
By performing the curve-fit analysis in real time, while images are being captured at high
speed, many more discoveries will be made, and a better fundamental understanding of
contact mechanics at the meso-scale is within our grasp.



SAMENVATTING

Het vreemde en onvoorspelbare gedrag van adhesie- en wrijvingskrachten op mesoschaal
vormt een groot praktisch probleem voor de ontwikkeling van microelectromechanische
systemen met wrijvende onderdelen. Dit is een enorme beperking voor de ontwerpvrij-
heid, en dat moet worden opgelost. Het eerste obstakel dat overwonnen moet worden is
dat het erg moeilijk is om verplaatsingen en krachten te meten met voldoende resolutie
om atomaire details te destilleren uit metingen op mesoschaal.

In dit proefschrift demonstreren we hoe een non-invasieve, optische methode kan worden
gebruikt om krachten en verplaatsingen te meten in MEMS, met subnanometer-resolutie.
Het is fundamenteel onmogelijk om optische details te onderscheiden die kleiner zijn
dan 500 nm, vanwege de golflengte van licht. De locatie van een bewegend onderdeeltje
echter, kan met een veel hogere resolutie worden gedetecteerd, door een mathematische
functie die de vorm van het onderdeel beschrijft, te ‘fitten’ op een afbeelding.

We demonstreren hoe deze curve-fit methode can worden gebruikt om verplaatsingen
te meten met een resolutie van 0.2 nm in een typische adhesie- of wrijvingskrachtmet-
ing. We hebben deze techniek gebruikt met meerdere soorten camera’s, waaronder een
CCD-camera met grote pixels en een lage elektronische ruis, en een hoge snelheid lijn-
scancamera. Hoewel de absolute resolutie van de verplaatsingsmetingen schaalt met
de wortel van de belichtingstijd, blijft de ruis per bandbreedte hetzelfde ongeacht welke
camera er gebruikt wordt; ongeveer 35 pm/+v/Hz. Dit bewijst dat de resolutielimiet van dit
soort metingen uitsluitend bepaald wordt door de shot-noise die van nature aanwezig is
in het licht waarmee de camerabeelden worden gemaakt.

We hebben onze curve-fit techniek gebruikt om adhesiekrachten tussen twee elkaar
rakende onderdelen van een MEMS adhesie sensor te meten met een ongekend lage
subnanometer- en subnanonewton-resolutie. We hebben de evolutie van de adhe-
siekracht in een aantal ‘identieke’ MEMS devices gemeten, gedurende enkele miljoenen
cycli van herhaalde contacten. Het blijkt dat de evolutie van de adhesiekracht erg verschilt
van device tot device. De grootte en variabiliteit van de gemeten krachten stabiliseren na
~50 x 103 cycli. Na 250 x 102 cycli beginnen de gemeten krachten weer uit elkaar te lopen.
Geen verdere stabilisatie werd verder waargenomen tot het experiment werd stopgezet
na een totaal van 3 x 10 cycli.

In een aantal adhesie-experimenten zagen we dat het beweegbare gedeelte van de adhe-
siesensor zich over een kleine afstand geleidelijk terugtrok, alvorens volledig los te komen.
De oorzaken van dit effect verschillen per geval. We menen in een aantal gevallen bewijs
te zien van een tribochemische stof die ter plekke in het contact wordt gesynthetiseerd.
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Naast de adhesiemetingen, hebben we onze meettechniek ook gebruikt om wrijvings-
krachten te meten tussen twee onderdelen van een MEMS tribometer, wederom met
subnanometer-resolutie. We stellen een nieuwe manier voor om zogenaamde wrijv-
ingslussen weer te geven op een intuitievere wijze dan gebruikelijk. De hoge resolutie van
de metingen stelde ons in staat om automatisch te identificeren wanneer er een plak-glij
gebeurtenis plaats vind. Aan de hand daarvan is het mogelijk om twee verschillende
vormen van energie dissipatie te meten: de semi-statische energie, die wordt gedissipeerd
terwijl de onderdelen plakken, en de dynamische energie, die wordt gedissipeerd terwijl
de onderdelen glijden.

De details van atomaire schaal die naar voren kwamen uit de adhesie- en wrijvingsmetin-
gen laten duidelijk het grote potentieel van onze optische meetmethode zien, met name
voor de toepassing van het in situ meten van krachten in MEMS devices. Door de geome-
trie van de adhesiesensors en tribometers specifiek voor gebruik met deze techniek te
optimaliseren, zou de ruis verder moeten kunnen worden verminderd richting 1 pm/+v/Hz.
Door de curve-fitanalyse in real-time, tijdens metingen op hoge snelheid uit te voeren,
worden nog veel meer nieuwe ontdekkingen mogelijk, en ligt een fundamenteel beter
begrip van contactmechanica op mesoschaal binnen handbereik.
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