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Abstract The reliability and lifetime of cyclic contacting
Si MEMS is limited by adhesion and their tribological per-
formance. In this study, the tribological effects of adding a
lubricant (tricresyl phosphate, TCP) to a bound self-assem-
bled monolayer (perfluorodecyltrichlorosilane, PFTS) at
different length scales were examined using a quartz crystal
microbalance (QCM), an atomic force microscope (AFM), a
reciprocating microtribometer, and a macroscopic recipro-
cating tribometer. The results showed that the addition of
TCP to a PFTS layer increased the number of cycles pos-
sessing low friction and wear by at least a factor of four in the
macroscopoic tribometer. Differences in friction response
over the range of experimental scales were correlated to
contact size and pressure. QCM measurements of TCP on
PFTS showed a non-zero slip time, which suggests favorable
tribological performance in larger length-scale regimes. This
non-zero slip time also may indicate TCP mobility.
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1 Introduction

MicroElectroMechanical Systems (MEMS) have the
potential to revolutionize widespread technologies, but
friction and other tribological issues are currently prevent-
ing commercialization of devices that contain surfaces in
sliding contact [1-4]. Self-assembled monolayers (SAMs),
while highly effective against release related stiction [5],
have proven ineffective as MEMS lubricants [6]. Indeed,
even the most robust SAMs fail to protect devices from
tribological failure for either normal (tapping) contact or
sliding (shear) contact [6]. Alternative MEMS lubrication
schemes must therefore be developed if progress is to occur.

Eapen et al. [7] suggested that the addition of a mobile
lubricant in combination with a bound chemisorbed SAM
should decrease friction and wear over a longer period of
time than either the bound SAM or mobile lubricants alone.
In that study, the mobile lubricants were delivered to the
device surface by liquid immersion. Others have also
considered two-layer systems to improve tribological per-
formance using similar deposition methods (solution cast-
ing, dip coating, and spin coating) [8—12]. Since capillary
forces resulting from liquid immersion routinely cause
stiction, a well-known source of failure in MEMS systems
[13], this deposition process will not be viable for a wide
range of MEMS devices.

One way to prevent capillary bridge formation during
lubricant delivery is through vapor phase lubrication such
as that proposed by Abdelmaksoud and Krim in 1998 [14].
Recently, studies of MEMS lifetime have been reported for
adsorbed water over a full range of humidities [15]. Only
adsorbed water layers that formed between 30 and 50%
relative humidity acted as a lubricant. Similar studies were
performed using pentanol films at 15 and 95% partial
pressure delivered to the surface from the vapor phase [16].
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The addition of pentanol vapor allowed a post and shuttle
MEMS device, possessing a geometry comparable to a
cylinder on flat, to run for longer than 100 million cycles at
both partial pressures without failure so long as the device
remained exposed to pentanol vapor [16]. Despite the suc-
cess of these lubricants, an environment of vapor is needed
to replenish the surface of the device for maintaining
lubrication. However, this is impractical to implement
especially for those devices that must be open to the sur-
rounding environment to perform their intended task [17].

Tricresyl phosphate (TCP) is a well-known high tem-
perature anti-oxidant additive to industrial oils and pos-
sesses a very low vapor pressure [18]. For hot ferrous
bearing surfaces, vapor phase lubrication by TCP and
similar organic molecules involves formation of a reaction
film containing phosphate chemistries (see [19, 20] and
references therein). Alternately, organic molecules like
TCP can be condensed on bearing surfaces to provide liquid
lubrication [19, 21]. By heating TCP, the vapor pressure is
raised enough to condense a lubricating layer on exposed
surfaces. The low vapor pressure under ambient conditions
and ability to condense a lubricant film on a surface without
significant line-of-sight limitations makes TCP a candidate
of interest for MEMS lubrication to increase performance
over chemically bound monolayer films [22-24].

The present study investigates the performance of TCP
as a vapor phase-deposited liquid lubricant [14]. Specifi-
cally, the tribological properties of perfluorodecyltri-
chlorosilane (PFTS, chemically bound SAM) with and
without TCP (mobile lubricant) present, using four tech-
niques that span length scales ranging from nanometers to
millimeters and mean Hertzian contact stresses up to 2
GPa. In the first method, a quartz crystal microbalance
(QCM) was used to measure both the mass and interfacial
viscosity of the lubricant adsorbed to the surface. Actual
contacts, not only in MEMS but for the vast majority of
surfaces, can be viewed as an open-faced sandwich where
the liquid lubricant is not squeezed between two surfaces at
all times. Thus, the lubricant is open to the environment
and free to move around the surface. A QCM can log real-
time measurements of interactions of vapor phase lubri-
cants on surfaces [24-26], thus providing a realistic look
into the surface mobility of a lubricant. Sliding contacts at
three different scales were also examined using an AFM, a
microtribometer, and a macroscopic tribometer: (1) a lat-
eral force atomic force microscope (AFM) for a nanome-
ter-scale model single-asperity contact at relatively high
mean contact stresses (~ 1.8 GPa); (2) a reciprocating
microtribometer for micrometer-scale measurements
applying high mean contact stresses (~2 GPa); (3) and a
macroscopic reciprocating tribometer for millimeter-scale
tests at relatively low mean contact stresses (<0.6 GPa).
These experiments span contact pressures and length scales
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Fig. 1 Schematic showing contact pressures and length scales of the
three tribometers compared to a MEMS device. Lubrication is seen
over the entire range with the AFM, and at low pressures with the
macrotribometer, but not at any pressures with the microtribometer

both above and below MEMS operational specifications
(Fig. 1). The present article reports comparisons of lubri-
cation performance of PFTS, with and without TCP, over a
broad range of contact stresses and length scales.

2 Sample Preparation and Characterization
2.1 Perfluorodecyltrichlorosilane deposition procedure

Perfluorodecyltrichlorosilane layers were coated onto
P-type, boron-doped, silicon (111) [28] substrates from
standard solution techniques [29]. All samples were
cleaned by first rinsing in water followed by a methanol
rinse. To assure deposition uniformity, all the substrates
were UV-ozone cleaned for 15 min and placed in sub-
sequent baths of water, isopropanol (IPA), and trimethyl-
pentane (TMP) for 5 min each. Following these surface
preparation steps, the silicon samples were immersed for 2
h into a bath of PFTS/anhydrous TMP solution contained
within a dry nitrogen environment; this procedure has been
reported to provide a densely packed monolayer of PFTS
on silicon oxide [29]. Next, the samples were placed into
subsequent baths of TMP, IPA, and water for 5 min each to
remove any unbonded silane chains. The same procedure
was used to coat the aluminum and silicon dioxide elec-
trodes used in QCM measurements.

2.2 Tricresylphosphate Deposition
Tricresylphosphate, obtained from the Naval Research Labo-

ratory (Washington, DC), was deposited on PFTS-coated
samples using a simple vacuum evaporation technique.
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Samples were placed in a vacuum chamber directly above a
tungsten wire crucible containing TCP. The vacuum cham-
ber reached a base pressure 10~ Torr with an ion pump
without vaporization of the TCP. Deposition of TCP was
performed by heating the crucible to over 100°C; heating
was necessary to release TCP into the vapor phase, since TCP
has a low vapor pressure at room temperature [18]. During
this process, the vacuum pressure was maintained at 10~°
Torr by using a turbomolecular pump and a liquid nitrogen
trap to condense the TCP vapor to prevent contamination of
the pump and its eventual release. A QCM was used to cal-
ibrate the deposition rate at a given substrate height so that
the uptake of TCP onto the sample substrates was approxi-
mately the same for all deposition runs.

23 QCM

MEMS devices are currently fabricated from both silicon
and aluminum [30], and so QCM uptake measurements
were performed on four different commercially available
substrates: (1) SiO, electrode, (2) PFTS on a SiO, elec-
trode, (3) an Al electrode with a native oxide, and (4)
PFTS-coated Al electrode possessing a native oxide. Alu-
minum was chosen for the electrode surface because in an
ambient air environment it possesses a native surface oxide
similar to that of silicon, allowing PFTS to bond similarly
to the crystal surface [31]. The SiO, electrodes were
commercially obtained as 5 MHz AT-cut quartz crystals
with SiO, electrodes deposited onto an adhesive Ti inter-
layer [32]. The aluminum electrodes were fabricated by
thermally evaporating titanium and aluminum layers in
vacuo onto both sides of commercially available, blank
8 MHz AT-cut quartz crystals [33]. The titanium layer was
20 nm thick and acted as an adhesion layer for the 50 nm
thick aluminum coating.

2.4 Characterization

To verify the deposition of the PFTS monolayer and the
TCP lubricant layer, Fourier transform infrared (FTIR) and
X-ray photoelectron spectroscopy (XPS) spectra were
obtained from coated Si wafer surfaces. FTIR analyses
were performed using a Thermo-Nicolet Magna 760 IR
spectrometer with a liquid nitrogen-cooled, mercury—cad-
mium—telluride (MCT-B) detector; each spectrum was the
sum of 128 scans taken with the resolution setting at
8 cm™' (3.857 cm™! data spacing), using a single bounce,
germanium crystal, attenuated total reflection (ATR)
accessory to probe the surface of the sample. XPS mea-
surements (Thermo VG Scientific Escalab 220i-XL) were
performed using a monochromatic Al Ko source. Survey
spectra (1.8 eV analyzer resolution, 1 eV point spacing) as
well as high resolution scans (0.3 eV analyzer resolution,

0.1 eV point spacing) were taken at the primary energy
regions for carbon (C 1s), silicon (Si 2p), oxygen (O 1 s),
fluorine (F 1s), and phosphorus (P 2p). Elemental spectrum
fitting was completed using a commercially available
software package [34] that fits the individual peaks with a
convolution of Gaussian and Lorentzian line shapes after
modeling the inelastic electron background with a linear
combination of Shirley and polynomial functions.

Both XPS and FTIR confirmed that the deposition
procedures produced surfaces containing the PFTS and
TCP layers, respectively. The XPS survey spectrum of the
PFTS coating on silicon and the TCP/PFTS layers on
silicon confirmed the presence of all the expected surface
species (silicon, carbon, oxygen, and fluorine) [35] except
for phosphorus from TCP. Although peaks were evident in
the P 2p region between 124 and 144 eV, these could not
conclusively be identified as phosphorus since single
crystal silicon substrates produce plasmon resonances that
directly overlap at the same binding energy. High reso-
lution scans of the C 1s region (Fig. 2), determined the
presence of four peaks in both the PFTS coating and the
combination TCP/PFTS layer on silicon. Two of these
peaks are characteristic of surface carbon contaminants,
and the other two are shifted to higher binding energies,
typical of two unequivalent carbon—fluorine bonds, —CF,
and —CF;. These latter peaks confirmed the presence of
carbon—fluorine bonding, found in PFTS, on the PFTS-
coated silicon and the combination TCP/PFTS-layered
silicon samples. No chlorine was observed in any of the
XPS spectra, assuring that unreacted PFTS was not
present.

FTIR spectroscopy of the PFTS coating (Fig. 3) on sil-
icon using an uncoated silicon wafer as a reference
revealed only the phonon absorption bands typical of
uncoated silicon. Since the penetration depth of the eva-
nescent wave in a single bounce Ge ATR accessory is
approximately 300 nm, the signal from the lattice vibra-
tions of the silicon substrate with its own native oxide
greatly exceeded the signal from the single monolayer
PFTS coating (~3 nm thick) that possessed Si—O and C-F
bonding species [36]. Thus, the signal of the PFTS
monolayer did not contain species that possessed a distinct,
strong infrared absorption profile to distinguish it from the
absorption of the silicon substrate. Absorption peaks from
the underlying silicon substrate were also evident in the
combined PFTS/TCP coating on silicon. However, the
combination PFTS/TCP layer on silicon had numerous
absorption bands from 500 to 1700 cm™'. These peaks
correspond directly to the expected absorption bands of
liquid TCP [37]. Thus, FTIR spectroscopy verified TCP
was in fact deposited during the evaporation procedure.

For completeness, a 300 MHz nuclear magnetic reso-
nance (NMR) spectrometer was also used to determine the
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Fig. 2 Deconvolved high-resolution XPS spectra of the C-1s region
taken of (a) the bound PFTS layer on silicon and (b) the combined
bound PFTS and mobile TCP coating confirmed the presence of the
carbon-fluorine bonding, indicative of the C-F, and C-F3 bonds present
in PFTS. A deconvolved XPS spectrum of the same region of (c) the
mobile TCP layer deposited on silicon showed minimal C-F bonding

purity of the TCP used in these experiments. A sample was
prepared by dissolving 1 pL of the (TCP) oil in 750 pL of
deuterated chloroform (CDCls). '"H solution state NMR
experiments were recorded on an AVANCE-300 NMR
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Fig. 3 Using an ATR accessory, FTIR spectra were taken of the
combined bound PFTS/mobile TCP coating on silicon and PFTS on
silicon. The PFTS on silicon showed on absorption phonons from the
underlying silicon substrate. Comparing these spectra to reference
FTIR spectra of liquid TCP [36], confirmed that the spectrum of the
bound PFTS/mobile TCP coating possessed absorption bands consis-
tent with both TCP and silicon

spectrometer (Bruker, Billerica, MA) outfitted with a 5 mm
z-pulsed field gradient (PFG) room temperature probe. A
1D spectrum was obtained by taking 128 scans with a 1.5 s
recycle delay and 64,000 acquired data points. The spec-
trum was processed and analyzed with XWINNMR v3.5
(Bruker), and then compared to the estimated shifts seen
from a structural NMR model of TCP, developed using
ChemNMR, a commercially available software package.
The only peaks present in the 'H-NMR analysis were those
expected to arise from TCP—split peaks around 2.25 ppm
arising from the methyl group hydrogen atoms and split
peaks around 7.15 ppm arising from the hydrogen atoms
bound to the carbon phenyl ring. Thus, it was concluded
that the TCP was pure, containing no other hydrogen-
containing contaminants. Further analysis of the spectrum
also revealed that the TCP contained a mixture of isomers
(ortho-, meta-, and para-), with the meta-conformation as
the predominant component, but a full description of that
study is beyond the scope of this experiment.

3 Experimental Details
3.1 QCM Resonator

The QCM consists of a single crystal of quartz that oscil-
lates in transverse shear mode with a high quality factor.
The Sauerbrey equation [38] gives the mass uptake as a
function of the change in resonant frequency of the QCM,
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sensitive enough to measure adsorption of a tenth of a
monolayer. Adsorption can also produce amplitude shifts
due to frictional shear forces exerted on the surface elec-
trode by the adsorbed film. These may arise from interfa-
cial slippage of the layer, or alternatively viscoelastic
effects within the film. For the case of interfacial slippage,
characteristic slip times 7, and friction coefficients 5, are
determined by

AQ ' = —4ntAf and g :g (1)

where AQ ™" is the change in inverse quality factor, Af is
the change in frequency of the crystal, and p is the mass per
unit area of the adsorbed film. The slip time is inversely
proportional to the friction coefficient between the adsor-
bed layer and the substrate and corresponds to the average
time for the film’s velocity to fall to 1/e of its original value
if the substrate is abruptly stopped. This deceleration is due
to frictional forces between the substrate (bound SAM) and
the adsorbed layer (mobile lubricant). The change in the
inverse quality factor is proportional to the change in the
inverse amplitude of the crystal, and that proportionality
constant is calibrated through a known interaction of the
crystal and nitrogen gas at varying pressures [27].

Once the crystals were coated with PFTS, they were
placed in a vacuum chamber. Chamber pressure, ampli-
tude, and frequency of the crystal were recorded simulta-
neously at 6-s intervals. Only additional adsorbing layers in
the vapor phase were measured with the QCM. The slip
time of TCP on PFTS/SiO,, TCP on PFTS/Al with a native
oxide, TCP on Al with a native oxide, and TCP on SiO,
was determined.

3.2 Lateral Force AFM

Friction behavior of the PFTS and TCP/PFTS were mea-
sured by AFM (Asylum Research, Santa Barbara, CA)
under ambient conditions. Olympus OMCL-RC800 rect-
angular (20 x 200 um) SiN levers with pyramid silicon
nitride tips (Si3Ny, Olympus, Tokyo, Japan) having nomi-
nally a 20 nm tip radius and 0.05 N/m cantilever spring
constants were used in as-received condition for experi-
ments. Friction data as a function of applied load were
obtained by scanning in contact mode while simulta-
neously ramping the normal force setpoint from positive
(compressive) to negative (tensile) load until the tip sepa-
rated from the surface. The adhesive force of the tip-
sample junction was defined as the magnitude of the tensile
force at pull-off while the lateral friction force was defined
as the half-width of the friction force loop at each load.
Normal and lateral forces were calibrated according to
methods outlined in Refs. [39] and [40], respectively. The

normal force calibration [39] relies on the resonant fre-
quency, quality factor, and geometry of the cantilever. The
lateral force calibration [40] uses a commercially available
grating with planar facets simplifying the calibration.
Cantilever-tilt compensation was employed to reduce
coupling with sample topography [41]. One PFTS-coated
and one TCP/PFTS-coated Si wafer were tested at multiple
points per wafer. Using 20 nm as the nominal tip radius, a
Hertzian contact pressure of 1.8 GPa is calculated at the
maximum load (~6 nN including adhesion).

Microscopic single-asperity interactions typically resulted
in friction being a non-linear function of load—and sphere-
on-SAM interactions can be particularly complex [42—44],
so it was not entirely appropriate to use the metric “coef-
ficient of friction” in this context. Instead we reported an
approximate friction coefficient, defined as a linear fit to
the data in the positive loading regime only. We justified
this definition on the basis that (1) non-linear effects were
more pronounced in the tensile regime, compromising the
fitting process and (2) other sliding tests in this study were
performed at positive load, so this usage best facilitated
cross-technique comparison.

3.3 Micro- and Macroscale Reciprocating Tribometry

Reciprocating tribology tests were performed on micro-
scopic and macroscopic scales using two different instru-
ments to compare the friction properties of uncoated
silicon, the bound PFTS layer, and the combination TCP/
PFTS layers. Microscopic friction tests were completed
using a scanning nanoindenter (Hysitron Triboscope) that
utilizes a two-dimensional electrostatic driven force
transducer and capacitive displacement sensing to simul-
taneously apply normal force while measuring lateral force
during sliding. In these measurements, a 400 uN load was
applied to a parabolic polished diamond counterface,
~ 8 um radius, resulting in a mean Hertzian contact stress
of ~2 GPa. The tip oscillated for 40 cycles along an 8 pm
track at a rate of 4 pm/s.

Macroscopic sliding friction tests were performed on a
homebuilt reciprocating tribometer with computer operated
linear translation stages. Loads of 0.5 N were applied to a
spherical sapphire counterface (radius 3.175 mm), result-
ing in mean Hertzian contact stresses of 0.35 GPa. Each
sample oscillated against the sapphire counterface for 100
cycles along a 5 mm track at a rate of 1 mm/s in ambient
laboratory conditions. Lateral force data were collected and
averaged per sliding cycle and reported as friction coeffi-
cient (lateral/normal force). In addition, higher loads of 1
and 2 N were performed for the TCP/PFTS-coated silicon
sample only.
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4 Results

QCM data illustrated a sample run of TCP on one of each
of the four substrates (Fig. 4). The graph displayed inverse
quality factor of the QCM versus mass per unit area
adsorbed to the surface, where the slope was proportional
to the slip time. One set each for TCP on SiO, and TCP on
PFTS/SiO, were performed for comparison to previous
results of TCP on a SAM. TCP depositions on four dif-
ferent PFTS/Al samples and three different Al samples
were also performed. Table 1 showed the average slip time
and coverage for each of the experiments with the corre-
sponding error. The uncertainty in the SiO, substrate
measurements comes from the error in the best fit line, and

o PFTS/SIO,
= SO,

o PFTS/AI

A Al

% Py A
5 % “ -
T T T T T T T T
150 200 250 300 350

mass (ng/cma
Fig. 4 QCM results of TCP on Al and Si and TCP on PFTS. The
slope corresponds to the slip time, which is inversely proportional to
the interfacial coefficient of friction. Both exhibit a non-zero slip time
indicating mobility. TCP on uncoated silicon and aluminum shows a
higher slip time than with the PFTS SAM

the uncertainty in the Al substrate measurements comes
from the standard deviation of the multiple measurements.
The QCM slip time results of TCP on SiO, and TCP on
PFTS/Si0, agreed with previous measurements made with
TCP on silicon with a native oxide and TCP on a SAM,
respectively [21]. TCP on PFTS/Si0, and TCP on PFTS/Al
should theoretically be equivalent and were, in fact, in
acceptable agreement. Both showed less slip time than TCP
on their respective sublayers (Table 1).

AFM friction testing was performed using a single tip to
facilitate friction comparisons between samples and tests.
First, six unloading friction experiments were performed
on the PFTS-coated Si wafer and were repeated at another
location on the wafer. Then, the sample was exchanged,
and six unloading friction experiments were performed on
the TCP/PTFS-coated Si wafer and were repeated at
another location on the wafer. Finally, six unloading fric-
tion experiments were performed on a new location on the
initial PFTS-coated wafer. Typical plots of frictional force
versus normal load for one test (Fig. 5) showed that TCP
increased adhesion (and therefore the total applied load
[45]) compared to the PFTS layer alone. This increase of
adhesion was attributed to capillary effects of liquid TCP
layer in the tip-sample contact. The slope of the average
linear fits corresponded to the approximate friction. Fric-
tion for the first two locations on the PFTS-coated samples
was 0.30 & 0.03 and on TCP/PFTS-coated wafers, 0.13 +
0.01. After returning to the initial PFTS samples, the
friction coefficient was 0.20 £ 0.04.

Microscopic friction experiments did not result in
measurable differences between the friction of diamond
against uncoated silicon and silicon coated with both PFTS
and TCP layers; average friction coefficients were the
same, ~0.08, within the measurement error. The average
friction coefficient for both samples decreased from ~ 0.09

Table 1 Summary of QCM experimental results for TCP adsorption on four different substrates

SiO, PFTS/SiO, PFTS/Al Al

Coverage 7 (ns) Coverage 7 (ns) Coverage 7 (ns) Coverage 7 (ns)
TCP 3 0.90 + 0.02 3 0.22 + 0.02 4 0.13 £ 0.05 3 0.55 £ 0.15
The coverages are labeled in units of monolayers (ML)
Table 2 Overview of load, contact area, contact stress, and friction coefficient for the three different length scales

AFM Microtribometer Macrotribometer

Load 6 nN 400 pN 05N
Hertzian contact area ~3 nm? ~0.2 um2 ~ 1400 umz
Hertzian contact pressure 1.8 GPa 1.8 GPa 0.35 GPa
1 on PFTS/Si 0.30 £ 0.05 0.08 + 0.02 0.8 £ 0.1
1 on TCP/PFTS 0.12 £ 0.05 0.08 + 0.02 0.16 + 0.05
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Fig. 5 Three characteristic AFM scans in lateral force mode show
lower friction (as determined by the slope of the plots) with the TCP
lubricant present. After testing TCP on PFTS, the frictional force of
the PFTS layer by itself was measured again. The lower friction of the
second PFTS test indicates that TCP transferred onto the AFM tip and
continued to lubricate the PFTS-only specimen

Friction Comparison

PFTS on Silicon

Silicon

Average Friction Coefficient

0.0 T T T T T T T T T 1
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Fig. 6 Typical reciprocating macroscopic friction results from
uncoated silicon, the bound PFTS layer on silicon, and the combined
TCP/PFTS coating on silicon

to ~0.08 by cycle 10 and was stable for the remainder of
the test.

Reciprocating macroscopic sliding experiments revealed
repeatable differences among uncoated silicon, the PFTS
layer, and the TCP/PFTS layer (Fig. 6). The average fric-
tion coefficient for uncoated silicon began at ~0.24 for
eight cycles, followed by an immediate increase in friction
coefficient to 0.55-0.65 for the remaining cycles occurring
concurrently with the generation of significant wear debris.
The average friction coefficient of the bound PFTS layer
began high at 0.5, and by cycle 2 was greater than 0.8,

Friction of TCP/PFTS on Silicon
at various contact stresses

0.75
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0.50 -
0.45 “
0.40-] 540 MPa
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Fig. 7 Typical reciprocating macroscopic friction results from the
combined TCP/PFTS coating on silicon as the average Hertzian
contact stress is increased by raising the applied load from 0.5 N (340
MPa), to 1 N (430 MPa), and 2 N (540 MPa). The number of cycles at
low friction (<0.2) decreases from about 80 cycles at 340 MPa to 15
cycles at 430 MPa to O cycles at 540 MPa. After possessing high
friction for ~10 cycles, the friction during the 430 MPa test does
recover to low friction for an additional 15 cycles before ultimately
remaining at high friction. Note that the x-axis is on a log-scale

combined with the generation of visible debris on the track.
However, the average friction coefficient for the TCP/
PFTS was less than 0.2 for between 30 and 80 cycles
before increasing to ~0.5 with the generation of visible
wear debris.

To examine the frictional differences in the PFTS and
TCP coating observed between microscopic and macro-
scopic testing, a separate macroscopic experiment was
executed to explore the effect of increasing the mean
Hertzian contact stress. Loads of 0.5, 1, and 2 N were
applied to a sapphire counterface to produce mean Hertzian
contact stresses of 0.35, 0.44, and 0.56 GPa, respectively
(Fig. 7). With a 0.56 GPa mean contact stress, the average
friction increased from 0.27 to 0.55 within 5 cycles. With a
0.44 GPa mean contact stress, the friction remained below
0.2 for 10 cycles, increased sharply to 0.55 during cycle 11,
but then recovered to below 0.2 for 15 more cycles before
incrementally increasing up to 0.60. With a 0.35 GPa mean
contact stress, the friction remained low for 80 cycles
before incrementally increasing similarly to the previous
test. Table 2 showed an overview of contact properties and
the friction coefficient for the three different length scales.

5 Discussion

Adhesion and poor tribological properties lead to shortened
MEMS device lifetimes, which limit their reliability and
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utility. Currently, one way to minimize adhesion during the
fabrication of MEMS is the addition of a SAM to the sil-
icon surface [5]; the SAM produces a hydrophobic surface
thereby preventing capillary forces from binding the
moving parts. Since a SAM is already required for silicon
MEMS fabrication, others have tried to use that same SAM
to also reduce friction and wear, thereby increasing device
lifetimes [46, 47]. However, the AFM and macrotribometer
results showed that a PFTS SAM alone does not provide a
low friction and wear contact. AFM experiments showed
high friction coefficients of 0.30. Further macroscopic tests
showed that PFTS had worse tribological behavior than
uncoated silicon. These results are consistent with Hook’s
conclusion that a siloxane-coupled SAM cannot lubricate
silicon MEMS since the applied mechanical energy in the
contact exceeds the siloxane bonding energy of the SAM to
the silicon surface [6].

The addition of a lubricant on top of the SAM can
potentially improve the tribological performance by decreas-
ing friction and wear over a longer period of time than
without it. The AFM and macroscopic tribometery results
support this claim. The PFTS layer had a high friction
coefficient of 0.30, a decrease in the friction coefficient to
0.13 with the addition of TCP. However, the mechanism for
friction reduction by the addition of TCP is not due to a
decrease in adhesion. The x-intercepts from the AFM data
(Fig. 5) showed that adhesion from the PFTS layer was
approximately 0.5 nN, while the addition of TCP to PFTS
increased adhesion to 2 nN. Since adhesion is a failure
mechanism in a MEMS device, the ideal amount of TCP,
which will lower the coefficient of friction but limit adhe-
sion, has yet to be determined.

In the macroscale reciprocating tribometry tests on the
PFTS layer on silicon, friction was high (>0.5) and signifi-
cant silicon debris was generated quickly, similar to tests run
on uncoated silicon. The addition of TCP, however, pro-
tected the underlying silicon substrate and reduced friction
for the longest period of time of all the surface treatments
examined. Thus, these macroscale tests confirmed that TCP
is a lubricant lowering friction and wear. We note that the
AFM used a silicon nitride tip, the microtribometer used a
diamond counterface, and the macrotribometer used a sap-
phire counterface. If the TCP interacts differently with these
materials, there may be additional contributions from the
interface chemistry. This is beyond the scope of our paper.

Krim et al. have shown that favorable macroscopic tri-
bological properties from a mobile lubricant corresponded
to a non-zero slip time value on a QCM; poor macroscopic
tribological properties occurred when QCM slip time val-
ues were zero [24, 25]. The QCM measurements showed
that TCP possessed a non-zero slip time on PFTS, sug-
gesting that TCP may in fact be mobile on the surface of
PFTS. Lower friction was observed for AFM experiments

@ Springer

where PFTS was contacted after sliding the tip against a
TCP/PFTS-coated sample. The reduced friction was
attributed to TCP transferred to the AFM tip from the TCP/
PFTS sample, which resulted in lower friction when that
same tip was used on the previous PFTS surface.

In order to quantify the effect of mobility, a lubricant
replenishment model posed by Brenner et al. [22] involving
cyclic contact with a liquid lubricant was considered. This
model assumes replenishment of the lubricant from lateral
surface diffusion rather than vapor phase replenishment.
The model parameters utilized the fraction of lubricant
removed per stroke, frequency of oscillation, contact size,
and surface diffusion coefficient of lubricant on a specific
substrate to obtain a steady state concentration of lubricant
at the center of contact. A similar “windshield wiper”
model by Sawyer and Blanchet [23] involved lubricant
replenishment from the vapor and does not take into
account surface diffusion.

According to Brenner et al.’s [22] windshield wiper
model, the steady-state center lubricant concentration is a
function of three parameters: the contact area, frequency of
oscillation, and diffusion coefficient. Using a 1 um2 contact
area and a simulated diffusion coefficient of 6.24 x 107>
cm?/s for TCP on a SAM, the steady-state center lubricant
concentration of TCP on PFTS was 55%, assuming that
10% of the lubricant was removed per stroke and that the
maximum oscillation frequency was 1000 Hz. The contact
area is an integral part of this model, and as that value
increases, the steady-state center concentration of lubricant
will decrease to an amount insufficient for favorable tribo-
logical performance. The results supported this claim to a
certain extent. When the loads during macroscopic tests
were incrementally raised—thereby increasing the applied
contact area and stress—while holding the oscillation fre-
quency and diffusion coefficient constant, the protective
and lubricating performance of the combined TCP/PFTS
layer deteriorated, corresponding to a smaller steady-state
center concentration of TCP as predicted by the model.

However, comparing the tribological results from the
different length scales did not uniformly fit into the model.
The theoretical model spans all dimensions with the only
adjustable parameters being the diffusion coefficient,
oscillation frequency, and contact size. For the present
experiments, the only variables are oscillation frequency
and contact size. If the oscillation frequency is also fixed,
the time to replenish the lubricant at the center of the
contact is determined by the contact radius. Based on this
argument, the macroscale experiment should possess the
worst tribological performance, with progressively smaller
contacts performing better. So, according to the model,
macroscopic tests that utilized a counterface almost 3
orders of magnitude greater than the microscopic tests and
almost 5 orders of magnitude greater than the AFM should
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have possessed the “worst” tribological properties since
the lubricant would have less time to diffuse back into the
entire contact area. This claim is supported by comparing
the macroscale tests to the AFM results; although mea-
surements on both instruments initially produce low fric-
tion, the larger contact in the macroscopic tests eventually
produces high friction as the amount of TCP was not suf-
ficient to maintain lubrication over time. However, mac-
roscale tests showed better tribological properties of TCP
on PFTS than microscale tests where friction was the same
on TCP/PFTS and PFTS by itself.

One factor not considered in the above discussion is
contact stress. The average contact stress of the micro-
tribometry tests was 2 GPa, whereas the mean contact
stress for the macrotribometry tests was only 0.34 GPa. In
fact, the friction measurements of TCP on PFTS from
millimeter, micrometer, and nanometer dimensions pro-
duced results sorted by contact stress. However, similar
maximum mean contact stresses in the AFM and micro-
tribometer tests (1.8 GPa in the AFM compared to 2 GPa in
the microtribometer) but widely different friction response
suggests that both the contact stress and the corresponding
contact size should be considered when characterizing the
tribological properties of lubricants at different length
scales. These results showed that the bound PFTS and
mobile TCP coatings may not be effective in a high contact
stress environment, and that length scale (e.g., the contact
area) should be taken into account.

Additionally, QCM tests measured a higher slip time for
only TCP compared to TCP/PFTS on aluminum and silicon
oxide. Studies have shown that the slip time is proportional
to the diffusion coefficient indicating a higher diffusion
coefficient [48]. Thus, according to the model, TCP, having
a higher slip time without the presence of PFTS, would
possess the same steady-state center concentrations (as
modeled by Brenner) even at higher oscillation frequen-
cies, improving the frequency range that TCP will suc-
cessfully lubricate.

6 Summary

The main issues limiting reliability of silicon MEMS
devices result from poor tribological performance and
adhesion. Applying a SAM to the silicon can prevent stic-
tion during MEMS fabrication but does not provide a lasting
low friction interface [6]. The present results show that over
a large range of contact sizes and stresses, the tribological
performance of the PFTS layer was inadequate, resulting in
high friction. In general, the results showed that the addition
of TCP to PFTS reduced friction and increased sliding
lifetime. The frictional differences measured among the
scales (AFM, microtribometer, and macrotribometer) were

sorted by contact stress and contact size, where high stresses
and larger contacts reduced lubricant performance. QCM
results showed non-zero slip time of TCP on PFTS, sug-
gesting TCP mobility on PFTS. Overall, at all length scales,
the addition of TCP improved tribological properties by
either reducing friction or increasing sliding lifetimes.
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