Friction in MEMS: From Single to Multiple Asperity Contact
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ABSTRACT

We have studied the surface topography of polycrystalline
silicon MEMS surfaces with a range of surface roughening
treatments. We find that the atomic force microscope (AFM)
resolves critical roughness features from the nm-to-uym
scale. Controlled roughness of the lowest polysilicon layer is
significantly transferred to subsequent layers. We derive
surface roughness parameters from the AFM data and use a
simple analytic model to estimate general contact properties
of the MEMS interfaces. We find that the roughening
procedure leads to smaller contact areas, but also to higher
contact pressures that may approach yield values. This
suggests that surface topographic design in MEMS should
integrate surface imaging at the nanometer scale and
contact asperity modeling in order to predict optimal surface
preparations that minimize adhesion, friction, and wear.

INTRODUCTION

Microelectromechanical systems (MEMS) are in use or are
being considered for many commercial products including
accelerometers [1], gyroscopes [2], optical switches [3] and
medical devices [4]. Surface micromachined MEMS with
structural members of one-micrometer minimum dimension,
can be fabricated in large quantities at low cost and do not
require assembly. Polycrystalline silicon (polysilicon) is the
material of choice in surface micromachined MEMS because
of its high strength, low residual stress, and because
complicated multi-level structures can be successfully
fabricated [5]. Most commercially available MEMS operate
without allowing contact between moving structures.
However, if contact were allowed, many more MEMS
applications could be brought to market.

Possible applications of MEMS that would allow contact
between surfaces include gears and transmissions [6] as in
Fig. 1(a), mechanical discriminators, pop-up mirrors and
digital mirrors [7]. Their market entry is hampered by critical
operational reliability concerns such as adhesion, friction,
and wear-related failures. Adhesive and frictional forces are
relatively large at the micron scale because the surface-to-
volume ratio increases as geometry decreases. Mechanical
restoring forces diminish significantly because they scale
with the cube of the dimension, and are hence not always
able to overcome adhesive forces. Electrostatic actuators
that induce motion are relatively weak, and therefore it is
desirable to minimize frictional forces. In spite of the weak
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Figure 1. (a) Advanced MEMS have numerous contacting and
sliding interfaces that can be subject to a range of loads. (b)
SEM image of wear debris in the ~10 pm receiver hole for a
failed drive gear of a Si-MEMS device (from ref. [9]).

forces, apparent operating pressures can be high because of
the small contact areas involved. Indeed, depending on the
device design and operating conditions, they may range
from ~1 kPa to ~1 GPa. Furthermore, although polysilicon is
strong, its bulk tribological properties are poor [8]. In
particular, its fracture toughness is low. This makes it
susceptible to wear which is an important mode of failure.
Sub-micron wear particles can encumber motion. Also wear
can proceed to the point that the structure fractures. An
example is shown in Fig. 1(b), in which wear processes have
thinned a pin joint until the point of fracture [9].

Using MEMS devices, the tribological properties of micron-
scale polysilicon have been investigated and reported in
several studies. For example, friction and significant wear
have been observed in wobble motors [10] and
microengines [9,11]. However, in these designs, contacting
surfaces are not held parallel during operation, and therefore
the load is borne by a very small nominal contact area. It is
also possible that during operation contact is not maintained
in such designs, and therefore impact forces may also play a
role in the wear processes. These issues can be addressed
by MEMS test structures designed for the special purpose of
measuring friction. For example, the coefficient of friction on
horizontal (i.e. as-deposited) polysilicon surfaces and on
vertical (i.e. etched sidewall) surfaces was measured at ~0.1
[12]. The two surface pairs were built side-by-side, and both
were coated by monolayer coupling agents
(octacdecyltrichlorosilane and perflurotrichlorsilane). The
wear rate on the vertical surfaces was significant, and this
was attributed to a large operating pressure (100 MPa).
However, only impact testing was done on the horizontal
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surfaces, which were tested at ~25 kPa. Also, the
topography of these surface pairs was quite different, and in
detail neither surface pair achieved a true uniform pressure
distribution. While refs. [9-12] and other studies (e.g.,
[13,14]) have provided valuable information on friction and
wear in MEMS, more systematic studies of the role of
surface topography and surface chemistry, as well as
improved friction test structure design, are needed to
advance our understanding of friction in MEMS.

Surface roughness is an important parameter that affects the
frictional and wear properties of bulk materials [15]. Because
of the planar deposition technology, horizontal (i.e. as-
deposited or annealed) polysilicon surfaces are quite
smooth, with typical root mean square (RMS) surface
roughness values of just a few nanometers. If surface
textures are properly tailored and pressures are well
controlled, it is conceivable that deformations will be largely
elastic, and hence wear can be minimized. On the other
hand, polysilicon asperities are highly curved, and so it may
be difficult to avoid locally exceeding the hardness of
polysilicon, 11 GPa [16]. Although surface roughness in
MEMS has been discussed to some extent [17], we do not
know of any studies that have integrated detailed topography
measurements of MEMS surfaces to model true pressures.

In this study, we characterize by atomic force microscopy
(AFM) the surface topography of polysilicon surfaces
roughened to various degrees. We use the data to
characterize the surface topography by the Greenwood-
Williamson model [18]. The data will also be of use to finite
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Figure 3. 10 x 10 pm? (a) and 1 x 1 pm? (b) topographic
images of the Poly0 surface. The z-height range is 35 and
20 nm, respectively.

element modelers we are working with who wish to address
the issues of local pressure and the relative importance of
frictional versus mechanical interlocking forces. We also plan
to measure friction in a series of MEMS friction test
structures we are developing in which pressure is uniformly
applied over a range from 0.1 MPa to 100 MPa. One such
structure is an inchworm actuator described in ref. [19].

SAMPLE PREPARATION

We used existing cantilever samples to study the surface
roughness. Such samples consist of the same surfaces that
we will use in our upcoming MEMS test structure friction
studies, but could be fabricated in a much shorter time.
Those surfaces are the top of a lower lying ground plane
polysilicon, and the bottom of an upper polysilicon cantilever.
The cantilevers were fabricated according to a three mask
level process, schematically represented in Fig. 2. Texturing
of the lower layer of polysilicon (300 nm thickness, “Poly0” in
Fig. 2(a)) was accomplished by thermal oxidation in dry O, at
900 C for increasing times. Table | indicates the times and
the RMS roughness as measured by several 10x10 um2
AFM images of the samples. The texturing occurs because
the grains are randomly oriented, and dry oxidation in the
linear regime proceeds at different rates on different
orientations of silicon [20]. Also, the grain boundaries are
enhanced at increasing oxidation times, giving rise to
grooves. These do not contribute significantly to the desired
texturing because they comprise a small percentage of the
surface area, and extend below the surface. A wet chemical
etching process whereby the oxide is removed follows the
oxidation step, exposing the textured surfaces.

Standard deposition, lithography and etch techniques were
used to fabricate the cantilevers (Fig. 2(b)), to form the upper
layer of polysilicon (2500 nm thickness, “Poly 1/2” in Fig.
2(b)). They are supported on the left in Fig. 2 by a step-up
support post, formed by filling a hole etched into the
sacrificial oxide layer. A critical step is the release and drying
of the cantilevers (Fig. 2(c)). We used two procedures: (1)
supercritical carbon dioxide drying [21], and (2) a solvent-
based coating in which a self-assembled monolayer of
perfluorodecyltrichlorosilane (FDTS, CgF17C2H4SiClz) is
applied, similar to ref. [22]. Surfaces produced using both
types of finishing steps were examined and unless otherwise
noted, results did not exhibit any significant dependence on
the choice of release and drying procedure.
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Figure 4. 10 x 10 pm? (a) and 1 x 1 pm? (b) topographic
images of the oxidized and etched PolyO surface. The z-
height ranges are 100 and 50 nm, respectively.
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Figure 5. 10 x 10 pm2 (@) and 1 x 1 pm2 (b) topographic
images of the Poly1/2 surface counterpart to the unoxidized
Poly0. The z-height ranges are 35 and 20 nm, respectively.
Below are 3-D renderings of (a) and (b).

SURFACE TOPOGRAPHY CHARACTERIZATION

The surfaces were studied to evaluate the geometry of
contacting MEMS surfaces. The surface topography was
measured using a Digital Instruments Nanoscope IV AFM
with a silicon nitride AFM cantilever. The tip shape was
tested before and after the measurements using in-situ tip
imaging samples (Aurora Nanodevices, Edmonton, Canada)
to ensure that it started and remained a sharp, single
protrusion so as to minimize the effect of convolution of tip
shape [23]. Numerous tips with blunt (>40 nm curvature
radius), multiple, or asymmetric terminations were rejected.

For measurements of Poly0 regions, the AFM tip was
positioned over an exposed Poly0 region. Beams were then
peeled off using an adhesive and placed facing underside up
on an AFM sample holder to examine the underside of the
Poly1/2 cantilever beams.

Figs. 3 and 4 are topographic AFM images of the Poly0 layer
for the two extreme cases of no oxidation and 400 minutes
of oxidation respectively. Dark/bright correspond to low/high
regions. The grain boundaries are clearly seen and reveal
that the grains typically range in size from 50-500 nm
laterally, with irregular boundaries. The oxidized sample
exhibits deeper, wider grain boundaries as expected. The
tops of grains have some intrinsic roughness, but overall
roughness results from height differences between the
grains, particularly for the oxidized sample.

The height range of the tops of the grains is approximately
30 nm for the unoxidized sample and 80 nm for the oxidized
sample. To characterize this more generally, the RMS
roughness Ry was measured at different length scales for all
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Figure 6. 10 x 10 ym” (a) and 1 x 1 pm?® (b) topographic
images of the Poly1/2 surface counterpart to the oxidized
and etched Poly0. The z-height ranges are 100 and 50 nm,
respectively. Below are 3-Drenderings of (a) and (b).

four oxidation times (Table 1). For a 10x10 um® area, Rgq
depends nearly linearly on

oxidation time, indicating the Table |
roughening effect of the

oxidation and etching | Oxidation RMS
process. However, at the | Time(min) | Roughness
100x100 nm® scale with (nm)
roughness measured on top 0 3.06

of an individual grain, Rq had i

no dependence on oxidation 20 5.1
time, being ~0.8 nm. 136 6.72
The highest grains will 400 115

obviously be the ones that
first come into contact with
the countersurface, although if wear occurs, lower grains
may eventually come into contact. Therefore, we measured
the intragranular roughness on both high and low grains to
check for any changes as a function of grain height. Three of
the highest and lowest grains were selected from the sample
oxidized for 400 minutes to examine the extreme case. For
each grain a series of images were acquired and roughness
measurements carried out. The roughness was measured to
be 0.75+0.12 nm and 0.87+0.39 nm for the highest and
lowest grains respectively, where the error is given by the
standard deviation of the measurements. Therefore, within
error, the roughness on high and low grains is
indistinguishable.

The Poly1/2 layers were observed to have substantially
different topographic features. Figs. 5 and 6 are topographic
AFM images of the Poly1/2 underside, again for the two
extreme cases of no oxidation and 400 minutes of oxidation
respectively. The topography consists of two predominant
features: small grains that are apparently the intrinsic grain



structure of the Poly1/2, and larger pits that appear to be a
result of a conformal growth process. The pronounced
nature of these latter features was not expected. The Poly0
grain roughness has been partially transferred through the
sacrificial oxide, upon which the Poly1/2 layer was grown.
Consistent with this, the pits in the Poly1/2 layer become
larger with increasing oxidation time as seen by comparing
Figs. 5 and 6. As well, the pits are seen to have a distribution
that is similar in nature to the grain height distribution seen in
Figs. 3 and 4 respectively. The pits in the Poly1/2 surface
are more rounded than the grains of the Poly0O surface,
which is a natural consequence of the expected reduction in
feature definition that would occur when the oxide is grown
on the Poly0. The underside of the cantilevers is therefore
quasi-conformal with the Poly0, with these quasi-conformal
surfaces separated by a 2 ym gap.

DISCUSSION - CONTACT MODELING

Roughness is a key issue in tribological modeling. Even a
small degree of roughness like that found for our surfaces
will ensure that the true and apparent contact areas at an
interface are vastly different. Reliable models of friction and
wear require knowledge of the true contact area and local
contact pressures at an interface [24,25]. A first step in
developing sophisticated models of contact for evaluating
MEMS surfaces is by using basic analytic approaches. The
roadmap for such an approach was first provided by the
Greenwood-Williamson (GW) model[18]. This has been
followed by other more recent efforts that take into account
adhesion, wear, and asperity shape changes [26-32].

We provide here an evaluation of the GW model applied to
the MEMS surface topographies presented in Figs. 3-6 as an
example of applying the most basic assumptions of rough
contact. The surfaces shown in Figs. 3-6 are the two faces
that will come into contact when the cantilever makes
contact with the surface underneath, such as in an adhesion
or friction test. To carry out this analysis we follow the
treatment of McCool [33], who showed how to convert
surface topographic measurements to appropriate input
parameters for the GW model (as modified by Nayak [34]).

The GW model assumes that the surface is composed of
spheres with a random (Gaussian) distribution of summit
heights but with a common radius. This is pushed into
contact with a rigid flat surface and the number of contacts,
total contact area, total load and asperity pressure ranges
(including the fraction of asperities beyond a yield pressure)
are calculated (Fig. 7). However, some adjustments to the
GW model are required. Longuet-Higgins [35] showed that
for a Gaussian distribution of surface heights, the distribution
of summit heights is not itself Gaussian. Furthermore, the
curvature of higher summits is generally higher (i.e. sharper)
than for lower summits. Nayak [34] provided a model that
takes these factors into account including the fact that
asperities may be elliptical in nature. Finally, having both
surfaces be rough and elastic instead of just one can be
taken into account by simply adding the spectral moments of
both surfaces together [33,36]. The effect of all these
corrections is succinctly described by McCool [33]. To
summarize, the analysis requires calculation of the three
spectral moments of the surface topograph z(x,y) as follows:

Figure 7. A rough surface (z-scale greatly exaggerated) with
a flat rigid surface approaching from above (thick solid line).
The undeformed surface is shown, where the shaded
asperities would be deformed. At left is the height distribution
function for the summits (solid line) and for the entire surface
(dashed line). d represents the spacing between the summit
mean plane and the approaching surface. The rigid surface
is replaced by a rough deformable surface for our analysis.

mo= () m=(£), m=<32> M)

where x is an arbitrary direction and < > denotes a statistical
average. mo is the mean square surface height, and so the
RMS roughness R, = /m,- From this one calculates the
bandwidth parameter o = m0m4/m22, which is related to the

asperity density. The true contact area A; and total load P
with respect to the apparent contact area A are calculated
from the following equations provided by McCool [33]:

A _ 0,0640(cc - 0.8968)"° - Fl(dj 2)
Ao O,
P=0-0333E*m2”2(a—0.8968)3"‘~Fw(dJ 3)
A, o
where
2 2\1

E = 1-v° + 1-v, ()

E; E,

is a combination of the Poisson’s ratios and Young’s moduli
of the two surfaces. For the calculations we use E=164 GPa
and v=0.23 for the two polysilicon surfaces. As well,

F(0)= [ e )

which comes about from integrating the various quantities in
the Hertz theory of contact over a Gaussian height
distribution. The ratio d/os is the summit mean plane

separation d (Fig. 7) divided by the RMS summit height
variation os. As the surfaces approach, d decreases. With

the adjustments made above, McCool [33] asserts that the
GW formalism should provide at least an order of magnitude
estimate, if not better, for a wide range of rough surfaces.

In order to evaluate the spectral moments from our images,
the following procedure was used. Images were recorded
with at least 256 x 256 pixel resolution. Using SPM32
software from RHK Technology (Troy, MI) the RMS value
was calculated and then squared to provide the value of m.
Each image was then expanded to 1024x1024 pixels with



Table Il
Parameter Unoxidized Maximally
(units) sample oxidized sample
summit density 4510 4160
(/pm?)
average summit 2320 806
radius (nm)
os, standard 0.173 1.62
deviation of
summit height
distribution (nm)
number of contact 1.53x10° 4.24x10*
points for a
10x100 pm?
cantilever
ratio of true to 0.031 0.0065
apparent contact
area
true contact area 30.7 6.48
for a 10x100 um?
cantilever (pmz)
load for a 10x100 15.1 8.23
pm2 cantilever
(mN)
average contact 493 1270
pressure (MPa)

the new pixel values calculated by interpolation. This
reduced the amount of errors in derivative images that are
inherently generated due to pixelation and noise. To reduce
errors due to noise fluctuations, the images were smoothed
using a modest pair of median filtering and smoothing
algorithms. The median filter takes high and low pixel values
and replaces them with the median value of neighboring
pixels. After this step the image is smoothed using a two-
dimensional weighted average of the adjacent pixels. The
first and second derivatives of the image with respect to the
scan direction (the horizontal direction in Figs. 3-6) were
then calculated from this expanded smoothed image, and
the RMS values of these derivative images were found. The
square of these RMS values provided the values of m, and
my respectively. The above formulae were then used to
predict the properties of these MEMS surfaces in contact. 10
x 10 pm2 images were chosen for this analysis as they
provided a larger sample size of the features. For the
calculations, we imposed a surface separation equal to one
standard deviation of the combined summit height
distribution o s. This was chosen to ensure that the

calculations represented a substantial but not severe
interaction between the surfaces, and it should be noted that
this value is different for the two interfaces.

The results are summarized in Table II. All values here were
calculated from the GW analysis. We see a strong contrast
between the unoxidized and maximally oxidized surfaces.
The oxidation produces rougher surfaces, yet there are
slightly fewer summits per unit area. This is likely a result of
the increased size of the grain boundaries. The average
summit radius is smaller by a factor of ~3 for the roughened
surfaces. These values are averages of all summits, and are

clearly much larger than the smallest asperities present on
the surface. Therefore, it is likely that this simulation will
underestimate the fraction of plastically deformed asperities.

The roughened surfaces show nearly an order of magnitude
larger standard deviation in summit heights. In combination
with the smaller summit density, this leads to a smaller
contact point density by a factor of three. The ratio of true to
apparent contact area is small for both interfaces, which is a
typical and important result for rough surfaces. As expected,
the roughening leads to a much smaller contact area
fraction, by about a factor of 5 compared with no roughening.

For the separations imposed, the unoxidized surface
supports more load. This is simply due to the fact that the
contact area is higher for the given separation. More
importantly, the average contact pressure, despite the lower
load, is nearly three times higher for the roughened
interface. This is due to the fact that the asperities are
smaller. The average pressure is significant, and suggests
that in combination with shear stresses (which are not
considered in this model), wear of the asperities is likely for
both cases, but far more likely for the roughened interfaces.
Using a hardness of 11 GPa for silicon [16], the model
predicts vanishingly small fractions of “plastically” deformed
asperities. We believe this is an underestimate due to the
aforementioned averaging of the asperity radius.

CONCLUDING REMARKS

The numbers presented in Table Il are based on assuming
the GW analysis is valid for our surfaces. We need to
examine the extent to which this is true. As well, a number of
parameters in Table Il such as the summit density, radius,
and summit height distribution, can be directly compared
with the AFM images. Further study for a range of
separations and comparisons by load, pressure, and contact
area are also required to clarify the observed trends. These
next steps will be presented in a future publication. The main
remarks for now are as follows:

(1) Roughened surfaces exhibit substantially altered surface
morphology for both the Poly0 and Poly1/2 layers.

(2) AFM data can be successfully input into a GW model of
contact, producing predictions that at the very least appear
reasonable and which correlate with expected trends.

(3) The modeling confirms that roughening leads to fewer
asperity contacts and a smaller real contact area by a factor
of 5 for the separation chosen. This is highly desirable for
minimizing adhesion and friction.

(4) Roughening however leads to higher asperity contact
pressures and therefore increases the likelihood of wear.

Future studies should address the applicability of the GW
model to these surfaces, and evaluate the dependence of
the contact properties on different loads, pressures, and
separations. Nevertheless, the above results indicate that
roughening by itself may not solve MEMS tribology
problems. Smaller real contact areas are desirable, but
those should be coupled with smaller curvatures of the
asperities in order to keep the asperity pressures low. This
suggests new and somewhat more detailed strategies for
surface topographic tailoring in MEMS.
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