FRICTION MEASUREMENT IN MEMS USING A NEW TEST STRUCTURE
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ABSTRACT O

A MEMS test structure capable of measuring friction between polysilicon surfaces under
a variety of test conditions has been refined from previous designs. The device is applied here to
measuring friction coefficients of polysilicon surfaces under different environmental, loading,
and surface conditions. Two methods for qualitatively comparing friction coefficients (1) using
the device are presented. Samples that have been coated with a self-assembled monolayer of the
Jubricating film perfluorinated-decyltrichlorosilane (PFTS) have a coefficient of friction that is
approximately one-half that of samples dried using super-critical CO, (SCCO;) drying.
Qualitative results indicate that [ is independent of normal pressure. Wear is shown to increase
u for both supercritically dried samples and PFTS coated samples, though the mechanisms
appear to be different. Super critically dried surfaces appear to degrade continuously with
in%reased wear cycles, while PFTS coated samples reach a steady state friction value after about
10" cycles.

INTRODUCTION

Adhesion [1-3], friction [4-6], and frictional wear [7-9] represent important failure
mechanisms in MEMS but have not been extensively characterized. An improved knowledge of
surface interactions, frictional forces, and lubricating coatings will help to improve the lifetime
and reliability of MEMS devices that have rubbing surfaces. A variety of methods for evaluating
interfacijal friction and coating performance exist, with each method having distinct advantages
and disadvantages. MEMS reciprocating comb driven friction devices [5-7] have proven useful.
The surface roughness, coatings, and environmental history of the device are representative of
adjacent, functional micro systems on the same chip. Also, the mechanics analysis to measure
friction is straightforward. However, their relatively large area consumption on a wafer limits
their potential use as on-chip surface diagnostic devices. Furthermore, the small force provided
by comb drives limits the range over which pressure can be measured to about one order of
magnitude. With such devices, several methods for reducing friction and wear have been
explored, with a large effort directed at the application of low surface energy coatings, in
particular silane monolayers [5,8]. Investigators employing electrostatic comb-driven friction
devices have reported sliding friction coefficients around 0.4-0.5 [6] for polysilicon surfaces with
a hydrophilic oxide. Static friction coefficients have been reported between 2 [5] and 5 [10] for
supercritically dried, oxide coated surfaces, and as low as 0.1 for surfaces coated with
hydrophobic films [5]. Frictional wear has been observed in operating devices under a variety of
conditions [7-9]. Other researchers have successfully employed atomic force microscopy (AFM)
to measure friction and wear [11]. While very useful, friction studies using AFM are limited to
single asperity contact, which can be difficult to extrapolate to multicontact behavior of real
surfaces.

A hinged pad test structure for static and sliding friction measurement in MEMS has been
developed and manufactured [4] using Sandia National Laboratories’ four layer polysilicon
surface micromachining SUMMIT process [12]. The device allows friction measurement over a
large pressure (10 kPa to 25 MPa) range. The small size may allow this new device to serve as
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an in-situ process monitors. However, the mechanics analysis for this device is relatively
complex.

Preliminary testing of the device resulted in static coefficients of friction, L, of about 7
between polysilicon surfaces with a native oxide [4]. Based on those results, we implemented a
number of design improvements. In this study, we validated the improved design, and applied it
to characterize frictional properties of a silane coupling agent (PFTS, CsF;7CoH,4SiCls) coating as
a function of normal pressure, and wear. The results from coated friction devices were compared
to uncoated devices dried using the super critical CO, (SCCOy) drying process [13].

DEVICE DESIGN
The design and modeling @
of the friction device have been L=500 | A
previously described in ref. [4]. 5 :
The friction device is essentially T N Vol | F

a cantilever beam of length L 5
with a friction pad structure
attached to its free end via a
torsional hinge. By bending the
cantilever out-of-plane, a very
high driving force to induce slip
of the friction pad is achieved.
The distributed normal force, Fy
- in Fig. 1(a), is applied to the
friction pads electrostatically. -
The driver beam is pulled down Fig. 1: (a) Schematic cross-section of the friction device. The normal
towards the substrate by force, Fy, is applied electrostatically, as is the driver beam actuation

electrostatic loading, denoted as  force, Fpgver. (b) Plan-view interferogram of the friction device with

Fprver in Fig. 1(a). For an 25V applied to the friction pads and 110V applied to the driver beam.
The light and dark bands on the driver beam are interference fringes

used to quantify the out-of-plane beam shape.

Support  Driver beam
post actuators, Fp ;o

Friction Probe
pad structure contact pad

inextensible beam, the out of
plane electrostatic forces applied
to the driver beam induce in-plane slip of the friction pad A, given to first order by A=28%L
where d is the amplitude of beam deflection at its center. The first design improvement has been
to increase 8 from ~2.1 to ~2.7 um, by employing the principle of leverage bending [14]. This
increases the maximum value of A from 18 to 30 nm. While this remains a small slip device, this
frictional displacement is now sufficient to allow multi-point sliding contact of the polysilicon
surfaces. Frictional force, Fy, effectively stiffens the driver beam, reducing the maximum driver
beam deflection for a given Fpgver. An interferometric microscope is used to quantify the
deflected shape of the driver beam to nm scale accuracy. Because the shape of the deflected
beam is very sensitive to any axial stiffening, the frictional force can be determined from the
beam shape using finite element modeling, or an approximation method presented later in this
paper. Fig. 1(b) shows a plan view of the friction device under interferometric conditions. Each
interference fringe in Fig. 1(b) corresponds to an out of plane deflection of A/2=274nm for the
green light used in our interferometer.

Fig. 2 shows a cross sectional schematic of the friction pad structure through section AA’
of Fig. 1(b) before sacrificial oxide removal. Four levels of polysilicon (poly) designated as PO,
P1, P2, and P3 are used to form the structure. Sacrificial oxide layers are designated as SOI,
S02, and SO3. The friction pad normal force, Fy, is achieved via electrostatic actuation between
the P3 wings and the P1 actuation surfaces of Fig. 2. Note that because the gap between the




friction pad and PO is smaller than the gap between the wings and P1, the friction pad acts as a
stop. This allows large voltages (applied between the grounded wings and the P1 pads) and
hence large normal forces to be applied to the friction pad. The second design improvement is a
more stable friction pad construction for stability against tipping under electrostatic normal loads
up to 200V (4mN). The normal force applied to the friction pad is given by simple electrostatics,

Fy =¢g,AyVi 128% 0))

where g, is the permittivity of air, Ay is the normal actuation surface area (50,000um2), Vi is

the applied voltage, and gy is the actuation gap (3pum-1.8pm=1.2itm) between the electrostatic
wings and the P1 actuation surfaces after the friction pad structure has been pulled into contact
with PO. An advantage of the interferometry is it allows us to determine the degree to which
normal pressure is constant over the length of the friction pad [4]. Note in Fig. 1(b) that the
friction pad/wing structure is flexing inward slightly, as indicated by the fringes parallel to the
long dimension. This is due to the downward force exerted by the driver beam at the hinge and
indicates the friction pad ~
pressure is less uniform than we
would like. This problem will
be addressed in the next design.
The driver beam
actuation force is  also
determined by electrostatics, but
now the varying actuation gap

Electrostatic Electrostatic
[ ‘Wing, 2

s - = oy e — WM ———— T ——

along the length of the beam SiN 1.8um SOt

must be considered. Once the s 425_>
normal force and the frictional Hm Hm
force have been found, 13 is Fig. 2: Cross section AA’ in Fig. 1b. Note the dual friction pads for

calculated by the classical stability against tipping. P-polysilicon SO-sacrificial oxide
friction equation, F=[Fn.

EXPERIMENTAL APPROACH AND RESULTS

The structures are encased in sacrificial oxide until ready for use, at which point the
devices are released in an HF bath that dissolves the SiO, encapsulation. The drying stage
following the release etch has proven to be a critical step because capillary forces readily pull
device structural members into permanent contact with the substrate and/or other device
structures [1,2]. Following rinsing of the samples, the devices are placed in a chamber
containing CO, above its critical point. In SCCO; drying, the liquid solvents dissolve into the
surrounding atmosphere of supercritical CO,, thus eliminating capillary forces between structural
members [13]. Application of the PFTS coating was accomplished following the release etch by
immersing the samples in a precursor solution containing PFTS molecules, similar to ref. [5].
Devices were stored in a nitrogen box until testing.

Friction testing was performed in a humidity-controlled chamber. To perform a friction
test, the friction pad was first pulled into contact with the substrate with a voltage applied
between the actuation wings and the actuation pads. Driver beam actuation was then steadily
increased to induce slip of the friction pad, A=28%L.

Two methods were used to acquire beam deflection data. In the first, the driver beam
deflection profile was measured for a fixed driver beam actuation voltage. The amplitude of
beam deflection is inversely related to the axial stiffening force (Fy) under these conditions. The
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deflections could therefore be directly compared to get an idea of relative frictional force. In Fig.
3, we see that the apparent normal pressure applied to the friction pad strongly affects driver
beam deflections. This is strong evidence that axial force in the driver beams induces slip of the

friction pad.
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Fig.3: Beam profiles of an SCCO, device measured
at Vpyyv,=161V and three different normal pressures.
Decreased driver displacement with increased
normal pressure is indicative of increased Fy.

Cycles

Fig.4: Increased friction with wear is observed for
both surfaces. However, the trend for increased
friction is significantly different for the two
surfaces. ’

Wear testing was performed by connecting the driver beam actuation probe to a
waveform generator and actuating sinusoidally at 20Hz with V=25V applied to the friction pads

(Fn=0.096mN, Pn=32kPa) and was periodically stopped after a number of cycles.

Static

measurements of friction were then carried out, again with VN=25V. Beam profiles were
collected at the same driver actuation voltage. We see in Fig. 4 that the number of cycles also

affects the slip of the friction pads.
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Fig. 5: Comparison of SCCO, dried and PFTS coated devices.
Fit lines from equation (2) match experimental data well, and
show that PFT'S coatings reduce ji . Data taken at 40% relative
humidity.

While the above method gives
strong evidence for slip, finite element
modeling is required to extract slip
values and frictional forces. In the
second method, as shown in Fig. 5, we
plotted the required driver voltage to
attain the same deflection amplitude
0=3 um as a function of normal force
applied to the friction pad. A
deflection of 6=3.0 pm (measured
from the point of maximum deflection
to the same point on the beam when
Vpiive=0) was chosen because for
small voltage increments beyond that,
the beam snaps into the substrate due
to unstable electrostatic loading. For
cases of high frictional force (F: in
Fig. 1(a)), the axial stiffness of the
beam is higher than for cases of low
friction. A higher out of plane beam
actuation force (Fpgver) is therefore
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required to produce the same beam deflection of 3 pm. Measurement of VDZ,,-ver to produce

8=3um thus gives insight into the magnitude of the frictional force. We see in Fig. 5 that higher
frictional force results from higher normal force applied to the friction pad, or from SCCO,
treatment rather than PFTS treatment.

FIRST ORDER MODELING

We apply an approximate first order method to infer the coefficient of friction for the two
surface treatments. A straightforward approximation of Fpyver can be made by recognizing that
the beam shape and hence the average electrostatic actuation gap, gpriver, is approximately
constant from test to test when d is fixed at 3um. Since the actuation area is also constant
(ADﬂvc,:14,000um2), Foriver is a function of VZpyer alone. It can be shown using point-load beam
mechanics [15] that the relationship between the out of plane force, Fpgver, and the axial
stiffening force (in this case Fy, which is equal to UFy, forces in Newtons) to first order is
approximately

EApyi 2 192E15
FDriver =—12)”i*VDriver o 222220 1.03exp(0. 484,uFN) @
8 Driver

where I is the beams moment of inertia, L is the length (500um), and E=170 GPa is the elastic
modulus of polysilicon. Besides V and |, all terms in equation 3 are constants for the given test
conditions. The exponential term is a fit of the strain stiffening function determined using point-
load beam mechanics and o accounts for the difference in point versus distributed loading. A
plot of Vpgver against the normal force applied to the friction pads is therefore useful for semi-
quantitative friction comparison.

The plot presented in Fig. 5 is an application of the experimental method explained in the
development of Eq. 2. Experimental data shows that PFTS coated devices have a lower
coefficient of friction than SCCO, dried devices by a factor of 2-3. Application of Eq. (2) and
allowing o to vary between samples produces the fit lines shown and places the values of  at
0.16, for the PFTS coated device and 0.27 for the SCCO, dried device. This value for SCCO,
dried devices is significantly lower than static coefficients reported elsewhere [10] while the
coefficient for PFTS coated devices is in very good agreement with other researchers [5].

Fig. 3 shows three SCCO, driver beam profiles at the same driver beam actuation voltage
(161V), but with different normal forces applied to the friction pads. The trend of decreasing
beam deflection with increased normal pressure is expected based on the inverse relationship
between frictional force and beam displacement. However, a variation of the above semi-
quantitative analysis must be developed for beam profiles taken at constant driver voltage rather
than constant deflection amplitude.

Preliminary wear results using the current friction device indicate an increase in friction
with accumulated cycles for both SCCO, dried and PFTS coated devices. Deflection data was
collected in the same way as in Fig. 3, but has been presented differently in Fig. 4 to enable
direct comparison between the two surface treatments. Fig. 4 shows the corresponding decrease
in maximum beam deflection with accumulated wear cycles. In the case of SCCO, dried
devices, friction remains relatively unchanged up to about 1000 cycles, then exhibits a steady
increase (decreased beam deflection) when the device is cycled beyond one million cycles. The
PFTS coated sample represented in Fig. 5 shows a much different behavior. Friction increases
quickly with the first 1000 cycles, but levels off after 10,000 cycles and remains basically




unchanged in the range of 1 million cycles. The friction behavior was not determined beyond 1
million cycles. The difference between SCCO; and PFTS surfaces may arise from differences in
the way that wear debris is generated as the surfaces wear. SEM analysis of the worn devices
should prove or disprove this possible mechanism.

CONCLUSIONS

A newly developed friction device has been improved and applied to measuring friction
between polysilicon surfaces as a function of processing history, normal pressure, and wear. The
device has allowed straightforward qualitative friction comparison. A semi-quantitative analysis
routine has been developed, though further analysis is needed to improve its accuracy and to
expand its applicability. True quantitative friction measurement will be possible when the FEM
modeling routine has been perfected. PFTS monolayer coatings reduce friction between
polysilicon surfaces when compared to SCCO, dried surfaces. The values of p are 0.16 for
PFTS coated devices and 0.27 for SCCO; dried surfaces. PFTS coatings also change the wear
behavior of the surfaces. While SCCO, dried surfaces degrade rapidly beyond 1000 cycles,
PFTS coatings cause friction to reach a steady state condition after about 10,000 cycles. The
mechanism for the difference is yet to be determined.
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