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a b s t r a c t

As tribological properties are critical factors in the reliability of silicon-based microelectromechanical
systems, it is important to understand what governs wear and friction. Average dynamic friction, wear
volumes and morphology have been studied for polysilicon devices fabricated using the Sandia SUMMiT
VTM process and actuated in room-temperature air at �N loads. A total of seven devices was tested for
total life. Three of the total-life experiments showed a global peak in the friction coefficient at three
times the initial value with failure after 105 cycles. Four other total-life experiments ran similarly up
to 105 cycles; however, following this global peak in the friction coefficient these devices continued to
operate and achieved a lower steady-state friction regime with no failure for millions of cycles. Coincident
with the friction coefficient increase, the nano-scale wear coefficient and surface roughness increased
sharply in the first 105 cycles and then decayed over several million cycles. These results are considered
in terms of a mechanistic understanding of wear and friction: after an initial short adhesive wear regime
with early failures attributed to local spikes in friction caused by differences in the local nano-scale
surface morphology, three-body abrasive wear becomes the governing mechanism, allowing the devices
to achieve a steady-state friction regime. Changing the relative humidity, sliding speed and load in the
steady-state regime, in which devices spend the majority of their operating life, is found to influence the
friction coefficient, but re-oxidation of worn polysilicon surfaces was only found to have an effect on the
friction coefficient after periods of inactivity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Microelectromechanical systems (MEMS) can be fabricated
using low-cost batch processing and permit the miniaturization
of many sensor and actuator applications [1,2]. Due to the large
surface-to-volume ratio of these micrometer-sized structures, it is
not always possible to simply extrapolate known macro-scale fail-
ure modes down to the micro- and nano-meter size-scales [3,4].
Although a growing body of research has provided insight into
how to overcome problems in MEMS fabrication and design [2],
premature failure modes – adhesion, wear and fatigue – are not
well understood [4], which represents a challenge to the continued
successful utilization of MEMS [5].
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California, Berkeley, CA 94720-1760, USA. Tel.: +1 510 486 5798;
fax: +1 510 643 5792.
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Adhesion [6,7] failures in MEMS are common in devices with
contacting surfaces. Although several different solutions for this
issue have been proposed, including critical-point drying proce-
dures after release and the application of hydrophobic and/or
low surface energy coatings (e.g., Ashurst et al. [8–11]), this is
still one of the major challenges with respect to MEMS relia-
bility. Another reliability issue in MEMS is premature failure by
fatigue; this is of particular interest in the case of micron-scale
silicon, as large-scale specimens of silicon are not susceptible to
cyclic fatigue fracture [12–18]. For all these failure modes, design
approaches for MEMS reliability are largely empirical as mecha-
nistic understanding has been limited by the simple fact that the
physical mechanisms governing these processes for thin-film sili-
con are largely unknown. This is especially true for the problem
of wear. Despite numerous published studies on the tribology of
thin-film silicon, e.g. [6,19–29], the mechanistic aspects of wear are
rarely the main focus. Consequently, there is currently no conclu-
sive picture of what the prevailing physical mechanisms are that
cause wear in thin-film silicon, although a few studies do provide
some mechanistic insight. In early research on single-crystal sili-
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Fig. 1. (a) Optical micrographs showing an overview of a sidewall friction test device; the small rectangular mark is the region shown at higher magnification in (b) and
(c), where the beam can be seen dynamically oscillating either out-of-contact with the post (b) or in contact with the post (c) – the blurring of the motion is caused by the
reciprocal motion of the device.

con wafers, the wear mechanisms proposed were similar to those
for bulk ceramics and metals, i.e., abrasion, chipping and flatten-
ing of protrusions, plasticity and delamination wear [30–35]. Later
studies on micro-fabricated surfaces [36,37] suggested a mecha-
nism for single-crystal silicon of asperity contact/wear followed by
atomistic-scale wear, whereas for polysilicon indirect morpholog-
ical evidence of plasticity was claimed. Other researchers [38,39]
have proposed that an adhesive wear mechanism could prevail.
Specifically, during adhesive wear, asperities on two contacting
surfaces adhere by plastic flow and cold-welding. Owing to con-
tinuing movement of these surfaces, fracture tends to occur away
from the bonded interface leading to augmented asperities and
wear debris, although no evidence of these processes was pre-
sented. Another study on wear in (dry) air [40–42] suggested that
as the surface oxide layer wears, it regenerates resulting only in
the wear of silicon dioxide. Finally, a recent study on micron-
scale polycrystalline silicon [43] showed clear evidence of abrasive
wear particles of amorphous SiO2 after long sliding times; the
smoothness of the majority of these particles was attributed to
a polishing effect that occurred after the particles were initially
created. Other than these multiple-asperity studies using MEMS
contacts to specifically investigate the underlying mechanisms of
wear, there is a sizable body of work that has applied atomic
force and friction force microscopy, e.g. [44–47]. However, although
these studies are extremely useful for gaining a basic understand-
ing of friction and wear for single-asperity contacts, applying these
insights to multi-asperity contacts in MEMS interfaces, where the
exact contact morphology is hardly ever known, is not trivial. In
addition, certain effects that have been reported in single-asperity
contact studies, e.g., super lubricity [48], have not been explic-
itly shown to be relevant in multi-asperity contact phenomena
[29].

The lack of a comprehensive physical mechanistic description
of wear and friction in micron-scale silicon multi-asperity con-
tacts provides the rationale of the current work which is focused
on polycrystalline silicon sidewalls. Our approach is to combine
on-chip MEMS testing with atomic force and electron microscopy
to examine wear debris and worn surfaces, coupled with quanti-
tative measurements of the wear volume, surface roughness and
the static and dynamic friction coefficients, to provide an under-
lying basis for the mechanisms that control wear and friction in

polysilicon at micrometer dimensions. In previous publications we
have investigated wear debris by analytical transmission electron
microscopy (TEM) [49] and measured static friction coefficients and
scanning electron microscopy (SEM) surface morphology patterns
as function of number of cycles, as well as wear volumes and sur-
face roughness [50]. In this work we complement that work by
also investigating how operating parameters affect friction when
the surfaces have reached a steady-state friction regime. We mea-
sure the average dynamic coefficient of friction as function of wear
cycles, investigate the influence of humidity and sliding speed on
dynamic friction and use static friction coefficients to show the
effect of contact pressure and re-oxidation on friction of polysilicon
during wear in the steady-state friction regime in which these con-
tacts will spend most of their operating lifetime. These results are
compared with our previously acquired friction coefficient data and
the polysilicon sidewalls morphology [49,50], and are discussed in
terms of the physical mechanisms that we believe are active during
micron-scale friction and wear processes.

2. Experimental methods

On-chip n+-type polysilicon sidewall friction and wear test
devices were fabricated using the Sandia SUMMiT VTM fabrica-
tion process [51,52]. A 1H,1H,2H,2H-perflurordecyltrichlorosilane
(PFTS) monolayer coating was deposited during release [53] to
reduce unintentional adhesion of free-standing elements.2 The
device (Fig. 1) consists of two suspended shuttles, the normal and
tangential shuttle (Fig. 1a). Each shuttle is driven laterally by an
electrostatic comb drive (Fig. 1a). By applying a DC voltage to the
normal comb drive, a beam is pushed against a post (Fig. 1b, c). Sinu-
soidal AC signals are applied to the tangential comb drive causing

2 The coating was applied for ease of transport and handling, and released via the
following steps in solution at room temperature: release etched (buffered HF), rinsed
with DI water, oxidized with H2O2, rinsed with DI water, transferred to isopropyl
alcohol and then to iso-octane, transferred to 1 mM solution of the monolayer in iso-
octane and held in solution for 2 h, transferred to neat iso-octane, then to isopropyl
alcohol and to DI water, before finally being removed from DI water and air dried
on class 10 clean bench.
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wearing of the beam against the post (Fig. 1b, c).3 To determine the
average normal force between the beam and the post during the
wear process, the devices were calibrated by plotting the applied
DC voltage in the normal comb drive and the bending of the beam
up to when it touched the post; using elastic beam bending the-
ory and the relation between applied voltage and force of the comb
drive, the normal force can be determined as function of the applied
voltage to the normal comb drive [10,50,55]. The average dynamic
coefficient of friction (�d = Ffriction/Fnormal) was determined, where
Ffriction is the average dynamic friction force over 2–6 wear cycles
and Fnormal is the average applied normal force. While the latter
is known from the calibration, the former was obtained by exam-
ining the difference between the maximum mechanical restoring
force of the moving shuttle during dynamic cycling out-of-contact
and dynamic cycling in-contact conditions, i.e., by comparing the
dynamic amplitude of the beam out-of-contact with the post,
where Ffriction = 0 (Aoc; as marked in Fig. 1b), and the dynamic ampli-
tude in contact with the post, where Ffriction /= 0, (Aic; as marked in
Fig. 1c), which was measured by the distance between the center of
a reference mark on the moving beam at the maximum and mini-
mum deflection positions. The method for calculating the dynamic
friction force is given in Appendix A; this gives the equation:

Ffriction ≈ 1
2

(Aoc − Aic) · (k′
b + kc), (1)

where k′
b is the effective spring constant of the normal beam and kc

is the effective spring constant of the folded beam shuttle suspen-
sion internal to the tangential comb drive [56]. The static coefficient
of friction, �s, was measured by applying a normal load by means
of a normal DC voltage and increasing the tangential force by ramp-
ing a second DC voltage signal (∼1 V/s); the voltage was then noted
where the beam first slips along the post, as observed through a
1000× optical microscope. A calibrated force balance of the beam
touching the post was then used to obtain the value for the static
coefficient of friction. More details on the calculations of the static
coefficient of friction and the force calibration procedure can be
found in Ref. [10].

The devices were operated at room temperature (23–27 ◦C) at
a relative humidity (%RH) ranging from 10(±2%) to 90(±2%)% in
a custom environmental chamber under a normal contact force
of 1.5–3.7 �N at 100 Hz with sliding peak-to-peak amplitude of
4–6 �m (one wear cycle is equivalent to twice this distance)4;
temperatures and %RH were measured using a digital thermome-
ter/hygrometer. At these small scales, adhesive (e.g., van der Waals,
capillary and chemical) forces can be of the same order of magni-
tude as external forces. To account for these forces, an upper bound
for the adhesion force with this contact geometry was determined
by noting the difference in DC voltage when the beam and post are
touching for the first and last time during the approach and upon
separation. These voltages can be converted to forces using the
comb drive calibration and subtracted from each other to give the
adhesive force. This adhesion force was calculated to be ∼0.2 �N.
Since these forces appear an order of magnitude smaller than the
applied normal force, we have not included them into the calcu-
lations for the coefficients of friction. The average device sliding
velocity was deduced from the sliding amplitude and the frequency,
which was first converted to the time it takes to slide through one
complete cycle.

Scanning electron microscopy (SEM), using a JEOL 6340F
microscope at 20 kV, was employed to image the overall wear mor-

3 Note that during the wear tests, the beam and post are not perfectly aligned; the
beam is elevated somewhat with respect to the post due to comb-drive levitation
effects [54].

4 These were the operating conditions for all specimens, except those used to
investigate the effect of sliding speed and normal load.

Fig. 2. (a) Example of results for the dynamic coefficient of friction as a function of
number of cycles, for a device run at a normal force of 2.1 �N, showing no failure
after 5 × 105 cycles after which the device was stopped. (b) Corresponding results
of the dynamic coefficient of friction vs. number of cycles for a sidewall friction
device that failed after ∼105 cycles during the run-in phase (run at a normal force
of 2.9 �N). The error bars are determined by the error of determining Aoc and Aic as
well as the error in the calibration.

phology. Atomic-force microscopy (AFM; Asylum Research MFP-3D
in non-contact mode with a single crystal silicon tip) was used to
determine nano-scale wear volumes and root-mean-square (rms)
surface roughness after wearing to a certain number of cycles (the
latter averaged over several ∼4 �m2 areas along the worn section
of the beam); the site-specific sidewall AFM samples were prepared
using a dual-beam focused ion beam system (FIB; FEI Strata DB235)
equipped with a micromanipulator (OmniprobeTM). Wear volumes
were used to compute average dimensionless wear coefficients (k),
using Archard’s law [57,58]:

k = 3HVw

SP
(2)

where Vw is the worn volume (in m3), S is the total sliding length
(in m), P is the normal load between the surfaces (in N), and H is
the average material hardness (in Pa; 11.5 GPa for n+-type polysil-
icon films [46]). The wear coefficient represents the chance that
a wear particle is generated from previously unworn silicon, and
allows comparison of wear between experiments with differences
in operating conditions. Further details on the AFM characterization
are reported in Ref. [50].

3. Results

3.1. Friction

Two types of behavior were found during the measurements of
the dynamic coefficient of friction as function of number of wear
cycles in ambient air (31–41%RH), as shown in Fig. 2. Some devices
were able to survive for millions of test cycles (where a cycle would
vary from ∼8 to 12 �m in sliding length depending on the operating
parameters) (Fig. 2a), whereas others stopped functioning during a
run-in phase after only ∼105 cycles (Fig. 2b). A total of seven devices
tested for total lifetime under similar operating conditions led to
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Fig. 3. Effect of relative humidity on the dynamic coefficient of friction in the steady-
state friction coefficient regime, where a positive change indicates an increase in
friction coefficient and %RH.

the observation of these two behavior modes [59]. Four devices ran
for millions of cycles and reached a steady-state regime, while three
ceased to operate after ∼105 cycles in the run-in phase. Averaging
over these devices, the initial dynamic coefficient of friction started
at 0.10 ± 0.04 and reached a peak value during the run-in phase of
0.32 ± 0.10 at 1.0 × 105 ± 2 × 104 cycles. For the devices that did
not cease motion at this peak value, the coefficient of friction sub-
sequently decreased to reach a steady-state value of 0.25 ± 0.09.
These values for the dynamic friction coefficient are comparable
with those measured in other studies, which range from 0.1 to 0.5
[39,40,52,60]. It should be noted, however, that the lower-bound
value in our work is the dynamic friction coefficient of the PFTS
monolayer coating that is still present in the early stages of the
wear process.

Once devices reached the steady-state region where they spend
the majority of their lifetime (as observed in Fig. 2a), the parameters
that influence the friction forces were investigated. These measure-
ments provide quantitative insight into how operating parameters
can affect the friction coefficient. First, the humidity inside the
environmental chamber was increased from either an initial dry
(∼10%RH) or ambient air (∼35%RH) up to humid air with a rela-
tive humidity larger than 60% (maximum humidity: 90%RH). The
average change in friction coefficient due to the change in humid-
ity was determined by averaging over ten or more friction data
points at both humidity levels, after eliminating data points influ-
enced by transition periods between different humidity conditions.
Repeating this procedure several times at different start and fin-
ish humidity values and using three different devices yielded the
cumulative results that are presented in Fig. 3. The absolute fric-
tion coefficients found in these experiments ranged from 0.30 to
0.10, depending on the history of the device and applied pressure,
values that are largely consistent with those found in the steady-
state regime for the total-life experiments.5 These data show that
with a larger increase in %RH, the dynamic friction coefficient also
increased, suggesting that in the range tested here (10–90%RH),

5 The lower bound of these values was measured in devices that had been cycled
for �2 million cycles. We noted a trend of a slight decrease in the friction coeffi-
cient in the steady-state friction regime (compare initial averages of 0.13 ± 0.05 with
measured values down to 0.05 �2 million cycles), although this was not examined
further.

Fig. 4. Effect of sliding speed on the dynamic coefficient of friction in the steady-
state friction coefficient regime (Fnormal = 4.5 �N) in ambient air.

higher relative humidity results in higher friction forces. Also note
that within the humidity range of total lifetime testing of the fric-
tion coefficient as function of sliding cycles (Fig. 2), the spread in
the %RH (31–41%) would only cause a 1–2% change in the average
dynamic friction coefficient.

Another parameter that affects friction in the steady-state
regime is sliding speed, which was also quantitatively measured
by modifying the frequency of motion at constant dynamic ampli-
tude. Fig. 4 shows a typical result of such experiments, where the
data points are averaged from five or more dynamic coefficient of
friction measurements in this regime. In the lower sliding speed
regime below 1 mm/s (∼100 Hz), a higher friction coefficient was
measured, whereas at speeds greater than 3 mm/s (∼300 Hz) the
friction coefficients were all lower. In all experiments the transi-
tion from a higher friction to a lower friction regime happened at
speeds between 1 and 3 mm/s, although the magnitude of the drop
in friction coefficient, which varied between 10 and 30%, showed a
less clear trend. This inconsistent decrease of the friction coefficient
is most likely influenced by differences in normal loads, the humid-
ity and the relative magnitude of the friction coefficient measured
in individual experiments. It should be noted here that there are no
effects of inertia when changing the speed, since the out-of-contact
dynamic amplitude (Aoc, Fig. 1b) in the steady-state regime did not
change when increasing the average sliding speed.

To examine the effect of normal load on static friction, the static
coefficient of friction was determined as function of the normal
load in the range of 1–20 �N. These measurements were taken after
the devices had been stopped following operation in the steady-
state friction regime (i.e., �105 cycles). Results are shown in Fig. 5
where every data point represents the average of four or more mea-
surements. This experiment was repeated at several different times
after the device was stopped; measurements revealed that after the
cessation of cycling, some recovery of the surface occurred at loads
above 2 �N, causing the friction coefficient to drop a factor of four
after 168 h. This phenomenon is related to re-oxidation of the worn
silicon surface which is initially not passivated by a silicon oxide
layer once cycling is stopped. This was shown by running devices
well into the steady-state regime (�105 cycles); after cycling was
stopped the static coefficient of friction was periodically measured.
Fig. 6 shows that the static coefficient of friction stayed approxi-
mately constant for up to ∼30 min after the device was stopped.
Thereafter, it decreased over the next several thousand minutes
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Fig. 5. Influence of normal force on the static friction coefficient as function of time
in ambient air after stopping a wear test after the device has reached the steady-state
regime.

Fig. 6. Static coefficient of friction vs. idle time after a device has been subjected to
wear for 7 × 105 cycles (Fnormal = 2.1 �N).

before reaching a steady-state at a value approximately a factor
of two lower than the maximum coefficient of friction and only
slightly higher than the initial value, which is governed by the
monolayer coating (0.12 ± 0.02 [50]) [59].

3.2. Wear morphology

To gain further insight into what governs whether a device
ceases to move or continues to operate with a peak value of the

friction coefficient after ∼105 cycles, SEM micrographs were taken
of worn beams and posts. The surfaces of the beams and posts of
devices are shown in Fig. 7. Images taken of devices that were run-
ning well in their steady-state regime (Fig. 7c, d) and after they
failed at the peak of the friction coefficient during the run-in phase
(Fig. 7a, b) indicate few differences in the overall surface morphol-
ogy; in both cases abrasive wear grooves were observed on the
beams with debris (agglomerates) present on both the beams and
the posts.

A more quantitative picture of the wear patterns was obtained
by examining the shape and depth of the grooves of the worn areas
of the sidewall devices using AFM in order to measure nano-scale
wear volumes and calculate wear coefficients (Fig. 8). Sources of
error in the estimated value of the worn volume arise from the
finite radius of the AFM tip (and its inability to reach the bottom
of narrow grooves) and the fact that any wear of the post is not
accounted for; however, the latter was essentially non-existent or
at worst significantly smaller than the wear of the beam (Fig. 7)
[50]. All these effects are included in the error bars for the wear
coefficients in Fig. 8 [50]. The wear coefficients as well as the rough-
ness, calculated from different devices as a function of wear cycles
(Fig. 8), show that after an initial rise in the first ∼105 cycles (to
∼10−4 and ∼40 nm, respectively), both the wear coefficient and
the roughness decay as the accumulated wear cycles increase (to
respective values of ∼10−5 and ∼20 nm) [50].

3.3. Contact stresses

Two different contact geometries were compared to make a
rough estimate of the stresses that could occur during the wear
and friction processes and to show the effect of the changes in the
contact morphology on the stress state. The first was the geome-
try where the beam and post are in full contact, which represents
a lower-bound contact stress value for these contacts; the sec-
ond was the situation where a small wear particle gets trapped
in between the surfaces of the beam and post, which represents an
upper-bound contact stress value. A first-order approximation of
the lower-bound stresses can be made by using the Hertzian con-
tact theory of a cylinder on a flat [61] (Fig. 9a), where it is assumed
that the beam can be considered a semi-infinite plate. Assuming
contact along the entire thickness of the structural film, the contact
width, 2a, is given by:

2a = 2
(

4FnormalRC

�tEC

)1/2
= 13 nm, (3)

Fig. 7. SEM micrographs of: (a) device (Fnormal = 2.0 �N) at the steady-state regime that was stopped after 7.5 × 105 cycles showing the beam (a) and the post (b); device
(Fnormal = 2.9 �N) that failed for a second time after 2.5 × 105 cycles (after already having failed at 105 cycles and being restarted) showing beam (c) and the post (d) – the
second ∼1.5 × 105 cycles were run at a slightly higher tangential force to allow further cycling. All images are shown at 30◦ tilt and were taken at 20 keV. Note that the
apparent bending of the beam is a charging artifact of the high-quality, slow scan speed images. After Ref. [59].
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Fig. 8. (a) AFM scan of worn surface; gray-scale covers 250 nm. (b) Variation in the wear coefficient (squares) and rms roughness (circles) for polysilicon showing an initial
rapid increase followed by a steady decrease with increasing number of wear cycles (normal contact forces ∼3–6 �N). After Ref. [50].

where Fnormal is the normal force (3 �N), RC is the radius of the
post (2 �m), t is the film thickness (2.2 �m) and EC = E/2(1 − �2); E
(=163 GPa) and � (=0.23) [62] are, respectively, the Young’s modulus
and Poisson’s ratio of polysilicon. This gives a lower-bound contact
stress of:

�min
contact = 2Fnormal

�at
= 143 MPa, (4)

and a total contact area of 2at = 2.7 × 10−2 �m2. The upper-bound
contact stress can be estimated by assuming that a small spheri-
cal debris particle is trapped between the beam and post (Fig. 9b),
where in this case because of the small spherical size of the particle,
both the beam and the post can be assumed to be semi-infinite, The
contact radius, b, is then given by:

b = 2
(

3FnormalRC

4EC

)1/3
= 8.7 nm, (5)

where RC is the radius of the smallest observed particles during the
studied wear processes (25 nm [49]), and the upper-bound contact
stress is given by:

�max
contact = 3Fnormal

2�b2
= 19 GPa, (6)

with a total contact area of only �b2 = 4.8 × 10−4 �m2. Note that the
latter calculated stress value is determined assuming that there is
only elastic deformation without a yield criterion. Under these high
compressive stress conditions this cannot be assumed; in nano-
indentation of silicon it has been shown that the first non-linearity
(associated with phase transformations) occurs at ∼10 GPa [63].
Therefore we use this value as the upper-bound stress for these con-
tacts because no sub-surface plasticity or phase transformations
were found in TEM cross-sections [49]. These calculations show
that the contact stress can vary over about two orders of magnitude
depending on which of the two local contact geometries shown in
Fig. 9 dominates.

Fig. 9. Schematic of the beam and post contact geometry (top view) illustrating the
lower-bound contact stress case (a), where the beam and post are fully in contact,
and the upper-bound contact stress case (b), where a smallest observed individual
wear particle is trapped between the surfaces.

4. Discussion

In this study of friction and wear of polysilicon structural films,
the evolution of the micrometer-scale dynamic friction coefficients,
wear coefficients, root-mean-square roughness and surface mor-
phology has been measured as a function of the number of wear
cycles. Additionally, the effect of parameters that affect the friction
coefficient in the steady-state friction regime, specifically relative
humidity, contact pressure and sliding speed, has also been investi-
gated. These results are discussed below in terms of how they relate
to the mechanistic processes that we believe occur during friction
and micrometer-scale multi-asperity wear of polysilicon in room
temperature air.

4.1. Dynamic friction coefficients and wear

The trend in the variation in the dynamic coefficient of friction
for devices that survive past the run-in phase into the steady-state
regime (Fig. 2a) shows a strong resemblance to the classical tribol-
ogy theory [64,65]. In the classical case, abrasion between surface
asperities leads to an initial increase in friction coefficient, and a
steady-state friction coefficient is reached only when equilibrium
is achieved between wear particle generation and particle frag-
mentation and ejection mechanisms. For the micron-scale case,
we have previously shown that in the early stages of wear (<104

cycles) the monolayer coating and silicon-oxide are worn away by
adhesive wear [50]. Consecutively, some first silicon wear debris
particles are generated after which the wear mechanism becomes
abrasive wear. This transition in mechanism happens before the
dynamic coefficient of friction, as well as the wear coefficient and
surface roughness, reach their peak at ∼105 cycles near the end
of the run-in phase (Figs. 2 and 8). The decrease in average wear
coefficient after this peak indicates that as the number of cycles
increases, there is a decreasing chance that new wear particles will
be formed from unworn silicon (Fig. 8). Instead, previously formed
wear particles interact between the contacting surfaces and break
into smaller agglomerates, causing the rms roughness to decrease,
as shown in Fig. 8. This is also consistent with recent results on
a comparable study on wear of micron-scale polysilicon [43]. Past
the run-in phase these changes result in an equilibrium steady-
state friction regime (Fig. 2a), similar to classical tribological theory
[64,65].

For devices that failed during the run-in phase at the peak in
their friction coefficient (Fig. 2b), the initial development of the
dynamic coefficient of friction is the same as for devices that did
not fail (Fig. 2a); however, once the peak value of the friction coef-
ficient was reached the former batch of devices ceased motion and
failed (Fig. 2b). Because the detailed chemistry of the debris parti-
cles [50] and the global wear patterns look no different for these
two distinct types of device behavior (Fig. 7), it appears that fail-
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ure is governed by local variations in the friction coefficient caused
by nano-meter scale variations in the contact morphology of the
sidewall contacts. Wear particles that are trapped between these
surfaces significantly lower the area of contact and hence the fric-
tion coefficient (compare the differences in contact area of the two
configurations shown in Fig. 9a and b). However, at the same time
these particles cause nano-scale ploughing which increases the fric-
tion coefficient, as shown by the absence of wear tracks in the early
stages of wear [50] and presence of a multitude of abrasive tracks
that is found in the later stages (Fig. 9). The interplay between these
effects can cause local variations in the friction coefficient, which
we cannot necessarily detect as our measurements of dynamic
friction coefficients are averaged over a number of cycles. Other
researchers though have measured these local spikes in friction
coefficient for sliding for larger-scale contacts [66], and examined
the influence of debris particles on the friction coefficient during
macro-scale wear of silicon [35]. Moreover, our observations of two
radically different failure behaviors of nominally identical polysili-
con devices (Fig. 2) has also been recently observed for micron-scale
wear of silicon in vacuum [67]. The prominent effect of such local
nano-scale contacts on the tribological behavior is also apparent
from the estimated lower- and upper-bound contact stresses for
the two different geometries (Fig. 9). In the case, where the appar-
ent contact area dominates (Fig. 9a), the contact stresses would
only be ∼143 MPa, whereas if local wear debris particle contacts
are paramount (Fig. 9b), the contact stresses would be more than
two orders of magnitude higher, i.e., ∼10 GPa. In our previous work
[49,50], we showed that the governing mechanism for wear of thin-
film silicon is an abrasive wear mechanism and that this mechanism
is controlled by fracture. As fracture stresses for polysilicon are in
the range 0.5–5 GPa [68], in order for fracture to control the abra-
sion process, stresses in the GPa range would needed, and this could
only occur when debris particles between the surface govern device
behavior. This indicates that the value of the friction coefficient, the
failure point and the wear mechanism (i.e., the abrasive nano-scale
ploughing) are governed by (variations in) the local nano-scale con-
tact morphology. However, it should be noted that despite the fact
that the measured trends in friction forces and post-mortem sur-
face/debris characterization are all consistent with the mechanisms
described above, it remains difficult to know exactly which pro-
cesses occur at the sliding interfaces because a lack of knowledge
of the exact contact morphology.

4.2. Friction parameter: humidity, load and sliding speed

The data in Fig. 3 indicate that a larger change in humidity is
associated with a larger change in the friction coefficient, an obser-
vation that could be explained by the presence of a thin layer of
water molecules on the wearing surfaces in room temperature
air. As the humidity rises (at constant temperature), more water
molecules adhere to the beam, post and debris particle surfaces
(i.e., the surface water coverage increases [69,70]) and because of
the relatively low sliding speeds and relatively low loads, this can
significantly increase the friction force when the presence of addi-
tional water molecules on the surface causes additional adhesive
(e.g., polar, capillary) forces. A similar increase was observed by
other researchers using both MEMS contacts and AFM [71,72]. A
systematic quantitative study on the increase of capillary adhe-
sion alone [73] showed that this component of the friction force
rises exponentially with increase in the humidity, which would
explain why an increase in a presumed minor component of the
dynamic friction coefficient (i.e., the friction forces caused by cap-
illary adhesion) can measurably change the dynamic coefficient of
friction.

The effect of load on the dynamic friction force is quantified
in Fig. 5, which indicates that there is an increase in the friction

coefficient when the load is raised from 1 to 5 �N. When the load
passes 5 �N, a plateau is reached in the value of the friction coef-
ficient (Fig. 5). One of the reasons that the friction coefficient can
initially increase is the larger real area of contact between the sur-
faces from elastic deformation of the initial points of contact as the
load is increased. At higher loads (>5 �N), many additional points
of contact can form, such that the stresses on all the contacts are
essentially constant with further elevation in load; this in turn pre-
vents further increases in the real area of contact and hence the
friction coefficient. This plateau at higher loads could indicate that
at first contact (≥1 �N) there are only a few local points of con-
tact and it is not until significantly higher loads (>5 �N) that more
contacts are formed, which provides a further indication of the
importance of the local contacts on the overall behavior of the slid-
ing interfaces. Note that although the load clearly has an influence
on the friction coefficient in the steady-state regime (Fig. 5), it was
not possible to correlate slightly different loads during total life
testing to the two distinct types of failure behavior shown in Fig. 2.

The influence of load on static friction also depends on how long
a device is stopped after cycling (Fig. 5). The effect of time after ces-
sation of device operation is quantified in Fig. 6, where the decay
of the static coefficient of friction after stopping a worn device in
the steady-state regime is shown. This is attributed to re-growth
of the native oxide layer that was removed during the wear pro-
cess [49]. Studies of native SiO2 growth on single crystal silicon
shows a constantly increasing growth [74] that continues beyond
the testing time shown in Fig. 6. This would indicate that the first
30 min of native oxide growth on the worn surface following cessa-
tion of motion does not affect the static friction force measurably,
and that because the friction force reaches a lower plateau after
103–104 min, further growth of the SiO2 layer has no additional
effect on the friction coefficient either. The data in Fig. 6 also sug-
gest that re-oxidation does not affect the friction forces measurably
during sliding, since a long time of inactivity is needed before the
effect can be seen. This would suggest a minimal influence, if any, of
re-oxidation of the worn surface during the wear process, in con-
trast to previously published work in which re-oxidation of the
silicon surface was used to describe the salient wear mechanism in
ambient air [42]. The lack of influence of re-oxidation is consistent
with the fact that the smallest wear particles found that were not
agglomerates were on the order of 50–100 nm [49], i.e. larger than
the thickness of the oxide layer.

Finally, the effect of sliding speed on the friction coefficient
(Fig. 4) shows that at low sliding speeds the friction coefficient
appears to be smaller than at higher speeds, with the transition in
this particular case happening between 1 and 3 mm/s. We attribute
this to a higher contribution of the adhesion force due to chemical
bonding or capillary condensation on the surface, which also con-
tributes to the fact that the static friction coefficient is higher than
the dynamic coefficient of friction [75]. At these low sliding speeds,
which can be compared to quasi-static sliding, this adhesive force,
which is not accounted for in the calculation of the normal force, can
still measurably affect the value of the friction coefficient (Fig. 5).

4.3. Wear mechanisms

The effects of the different friction parameters on the fric-
tion coefficients (Figs. 2–6 and 8) that have been observed in
this study were physically explained within the framework of
a dominant three-body abrasive wear mechanism active dur-
ing sliding wear of polysilicon. These trends, combined with our
previous work on this topic, where we showed the surface evo-
lution and static friction coefficient as function of the number
of wear cycles and a detailed TEM study of the surface and
wear debris [49,50], form the basis for our proposed mecha-
nism for wear of thin-film polysilicon under �N loads in ambient
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air. The sliding wear process initially comprises adhesive wear dur-
ing the run-in phase, where the monolayer coating and the silicon
oxide wears away (in ∼5 × 103 cycles) [50]. The removal of these
layers creates freshly exposed silicon surfaces on the beam and
post, which then can come into contact to form strong chemical
bonds (similar to the configuration shown in Fig. 9a). The wear
mechanism then transitions to adhesive wear of the silicon itself,
during which the friction coefficient slowly increases; this involves
the creation of adhesive wear debris by fracture of the surface sil-
icon grains, specifically from the sliding beam [50]. As soon as a
critical mass of wear particles has been generated – which happens
in a relative early stage of the wear process (<104 cycles) during the
run-in phase – the governing wear mechanism changes from adhe-
sive to mostly (third-body) abrasive wear (prior to the steady-state
value of the friction coefficient being reached) [50], correspond-
ing to the geometry shown in Fig. 9b. In this abrasive wear regime,
wear grooves are created on the surface by the removal of more
debris particles (50–100 nm with agglomerates up to ∼500 nm
[49]), where the removal is predominantly governed by fracture
through the grains (∼430 nm [18]) [49] and not by plasticity or
cold-welding, as suggested in previous studies [38,39]. After the
friction and wear coefficients and the surface roughness reach their
peaks (Figs. 2, 8), the friction coefficient decays into the steady-state
regime, where the device will spend most of its operating lifetime;
in this regime, existing wear particle agglomerates are slowly bro-
ken down into smaller agglomerates, leading to a lower roughness
(Fig. 8). The wear debris particles oxidize heavily and amorphize,
and as such evolve into amorphous SiOx particles [49]. Indeed, the
existence of such amorphous stoichiometric SiO2 as wear debris
in micron-scale wear of polysilicon MEMS was recently reported
[43]. All of these processes are controlled by fracture and not by
plastic deformation of the silicon, since no evidence of plasticity
was found in TEM cross-section specimens of the wear tracks [49].
Re-oxidation of the worn silicon surfaces (Fig. 6) and fatigue (Fig. 8)
also do not appear to be factors in the wear process. The measured
trends in the wear coefficients (Fig. 8) clearly imply that the creation
of the initial wear particles is not controlled by fatigue. Although
both micron-scale silicon [12–18] and silicon dioxide (glass) [76,77]
have been shown to be susceptible to environmentally-assisted
subcritical cracking and fatigue has been suggested as a contrib-
utor to wear in studies of macro-scale ceramics [34], it is not very
likely that this mechanism plays a dominant role in the processes
studied in this work. If this were the case, the trend in wear coeffi-
cient (Fig. 8) would be expected to increase as the number of sliding
cycles increases and the majority of the debris would be created
after longer cycling, which is simply not seen (Fig. 7). However, it
is conceivable that fatigue cracking could aid in the break-up and
polishing of newly created heavily oxidized debris particles.

For these types of devices with sidewalls in sliding contact, all
these physical processes in the abrasive regime are controlled by
the local contact morphology, which also determines the failure
point (as opposed to the active wear mechanism, which is similar in
both type of device behavior (Figs. 2, 7)). This can be deduced from
the bi-modal failure behavior that these devices display (Fig. 2)
and the similarity in the wear mechanisms found for both types
of failures (Fig. 7). The quantitative tribological data presented in
this study are fully consistent with these wear mechanisms. These
additional details regarding the friction and wear processes and the
effect of variations of friction parameters strengthen the argument
for the proposed mechanisms of wear of polysilicon in ambient air.

Finally, it has to be noted that despite careful post-mortem
characterization of the surfaces, it remains difficult to be con-
clusive on all the exact details of the proposed wear processes
as they are occurring because of a lack of knowledge of the
exact multi-asperity contact interface. Future in situ electron
microscopy studies, e.g. [78,79], may be enabling here by pro-

viding details on the exact morphology of the multi-asperity
contacts.

5. Summary and conclusions

On-chip n+-type polysilicon MEMS sidewall friction devices
have been used to study dynamic friction, wear volumes and the
morphology of polycrystalline silicon run in ambient air at �N
normal loads. Measurements of the dynamic coefficient of friction
during the wear process were correlated with SEM images of worn
surfaces, AFM measurements determining the rms surface rough-
ness and corresponding evolution of the average wear coefficient.
Additionally, the effects of operating parameters (humidity, normal
load and sliding speed) on the coefficient of friction were investi-
gated in the steady-state regime, in which the devices spend most of
their lifetime. All these data were combined into wear mechanisms
for micron-scale polysilicon.

The wear process begins with the removal of the hydrophobic
coating and silicon oxide by adhesive wear (<5 × 103 cycles, where
each cycle represents a sliding distance of ∼10 �m), after which
the coefficient of friction increases to a peak value of 0.3 ± 0.1 at
∼105 cycles during the run-in phase. During these first 105 cycles, a
transition from adhesive wear to (three-body) abrasive wear occurs
before ∼104 cycles, the latter being the dominant wear mechanisms
for most of the lifetime of the devices. Some devices are able to
cycle for millions of cycles after reaching a slightly lower steady-
state coefficient of friction of 0.25 ± 0.10 after >105 cycles, while
other devices stop functioning at the peak in the friction coeffi-
cient due to an increasing friction force during the run-in phase.
Whether a device fails early or not is governed by local variations
in the friction force, caused by local variations in surface morphol-
ogy. In the steady-state regime, the friction force increases with
relative humidity because of additional polar and capillary forces
due to the thicker adsorbed water layers on the surface. Addition-
ally, load and sliding speed also influence the friction coefficient in
this regime. With respect to sliding speed, slower sliding speeds
(<1 mm/s) result in higher friction coefficients whereas speeds
above ∼3 mm/s result in lower friction coefficients, an effect that
can be related to the chemical bonding force between the surfaces.
Increasing the contact load from 1 to 5 �N causes the friction coef-
ficient to increase, although further load increases (up to 20 �N)
have little effect; this is related to the evolution of the contact
area and the number of contact points as the load in increased.
It was found that re-oxidation of polysilicon only has a signifi-
cant influence on the coefficient of static friction some 30 min after
the device has stopped, further indicating that oxide re-growth
does not influence wear during cycling. These results are consis-
tent with a proposed mechanism for ambient-temperature wear
of thin-film polycrystalline silicon which involves a predominantly
(three-body) abrasive wear mechanism controlled by the local con-
tact geometry of particles between the sliding surfaces.
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Appendix A. Calculation of the dynamic friction force

The dynamic friction force is determined from the difference
between the out-of-contact and in-contact amplitude; the equa-
tions of motion in the in- and out-of contact scenario (as shown in
Fig. 1) can be written:

Out-of-contact:

Fcomb = maoc + bvoc + xoc(k′
b + kc), (A1)

In-contact:

Fcomb = maic + bvic + xic

(
k′

b + kc
)

+ Ffriction, (A2)

where Fcomb is the electrostatic force produced by the comb drive, m
the mass of the shuttle, b the damping coefficient, k′

b is the effective
spring constant of the normal beam, and kc is the effective spring
constant of the folded beam shuttle suspension internal to the tan-
gential comb drive. Since the force from the comb drive is equal in
both scenarios, these two equations can be combined as:

maoc + bvoc + xoc
(

k′
b + kc

)
= maic + bvic + xic

(
k′

b + kc
)

+ Ffriction,

(A3)

or rearranged to:

m (aoc − aic) + b (voc − vic) + (xoc − xic)
(

k′
b + kc

)
= Ffriction. (A4)

The dynamic friction force can then be calculated by observ-
ing the case of x = (1/2)A, v = 0 for both the in- and out-of-contact
scenarios. This yields:

m (aoc − aic) + 1/2 (Aoc − Aic)
(

k′
b + kc

)
= Ffriction. (A5)

With respect to this equation (Eq. (A5)), we can readily show that
m (aoc − aic) 	 1/2 (Aoc − Aic)

(
k′

b + kc
)

. The difference in accelera-
tion between the in- and out-of-contact scenarios can be written
as aoc − aic = 2(�f )2 (Aoc − Aic). Since the device is cycling at 100 Hz
and the difference in amplitude (Aoc − Aic) in these experiments is
typically about 1.5 �m, this makes the value of aoc − aic approxi-
mately 0.3. Although it is difficult to determine the exact mass of the
system, a rough estimate of the mass based on the two-dimensional
area of the shuttle comes out to ∼5 × 10−10 kg, implying that the
term m (aoc − aic) in Eq. (A5) is on the order of 2 × 10−10 N.

The term
(

k′
b + kc

)
can be determined using a similar calibration

procedure to that of the normal comb drive (described in Ref. [10]);
its value lies between 0 and 1 N/m, implying that the friction force is
in the 10−7 N range. Therefore, we can express the final relationship
for the dynamic friction coefficient as:

Ffriction ≈ 1/2(Aoc − Aic) · (k′
b + kc)

Note that we have taken a conservative approach to the dynamic
friction force by taking the maximum value during a cycle. This was
done because seizure of the device during cycling is determined by
the highest friction force encountered.

Error bars in the friction coefficient values were computed from
the error in the measurement of Aic and Aoc and the error from the
comb drive calibration, the latter containing all the imperfections
from the linear elastic comb drive spring model [10] and device-
to-device geometric variations.
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