ABSTRACT
MILLER, BRENDAN PAUL. Diffusion of Physisorbed Layg and their Connection to
MEMS Effectiveness. (Under the direction of Protes¥acqueline Krim.)

The aim of this work is to connect the physicssoffface diffusion of a lubricant to
Micro-Electro-Mechanical System (MEMS) lubricatio®ome hurdles must be overcome in
order to make this connection. One must have a twagxperimentally measure surface
diffusivity. Length scales must be taken into astosince the mechanism of lubrication
varies from the macro scale to the micro scale eweh to the nano scale. Lastly, a
theoretical model of lubrication that can conformm MEMS geometry is needed for an
accurate prediction.

In the work presented here, | have used diffeteetiniques including a quartz crystal
microbalance (QCM), a macroscopic tribometer, aronicibometer, and an atomic force
microscope (AFM) to measure the friction of a lagbnt on surfaces relevant to MEMS. The
QCM method is different from the others aforememtit since it measures the atomic scale
friction of a sliding layer in a contact-free eromment directly related to surface mobility.
The other three methods are a way to measure atlancover three different length scales.

A surface lubrication model developed by Prof. BldrBrenner incorporates surface
diffusion as a mechanism for lubricating a periathatact. There is a push and pull between
the removal of the lubricant from the periodic @ottand the replenishment of the lubricant
via surface diffusion. A steady-state center catra¢éion can be computed, which is used to

determine whether or not lubrication can occur.isThodel was fit to magnetic hard disc



drives (MHDDs), MEMS, and macroscopic industrial amaes, but will work for any
system with a periodic contact relying on surfaigiision as the replenishment mechanism.

Two groups of lubricants were studied in this worKricresyl Phosphate (TCP),
which is a known high temperature additive to indakoils, was selected since it possesses
a low vapor pressure and has been extensivelyestuoly our group. All of the above
mentioned techniques were used to study TCP. Thexr group of lubricants studied were
alcohols, specifically pentanol, ethanol, and dofloethanol (TFE). These lubricants were
studied exclusively with the QCM technique. Alctshdnave been shown to lubricate a
MEMS device indefinitely as long as an environmehthe alcohol vapor surrounds the
contact.

The results shown here can be used to directlyigirthe effectiveness of a lubricant
candidate to a MEMS device. Some extra parameters determined to affect lubrication
including contact stress, adhesion, and wetablifijhese parameters need to be taken into

account for future selection of lubricants.
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Chapter 1: Introduction

1.1 Friction

Nanotribology is an exciting, growing field witrses varying from understanding
fundamental friction mechanisms to lubricating deraand smaller contacts in MEMS. The
name tribology comes from “tribos”, which is thee8k word for “to rub”, and is the study
of friction and wear. Anytime an object is in nastj there is friction present. Even without
motion there is still static friction opposing tbaset of motion. The friction that is easily
thought of is kinetic friction i.e. the friction oarring when two objects are sliding across
each other. This is seen in everyday occurrena@s fubbing one’shands together to
brakes working to slow a car down. The well knan&croscopic equation:

F =uN 2.
is known as Amonton’s Laly whereF is the force of friction opposing motiop; is the
coefficient of friction, andN is the normal force. (1.1) implies that the foaodefriction is
proportional to the applied load and independerihefarea of contact. This works well for
many macroscopic systems, but as one goes to srmaaklesmaller scales Amonton’s law
takes a different turn.

Bowden and Tabor made a revolutionary breakthroughthe 1950’'s. They
discovered that the force of friction is only inéeplent of thepparentarea of contact, and

the friction force is in fact proportional to thele area of contaét This phenomenon occurs



since microscopic asperities of most macroscopittamts are the only parts of the two
objects in actual contact. As one increases thienaloforce the apparent area of contact
stays the same, but the true area of contact (whidnmly a fraction of the apparent area of
contact) increases. This new situation can benddfas:

F=A.0 (1.

If Aqueis the true area of contact andls the shear stress.

(2.1) and (1.2) are both phenomenological in reaturd do not give any insight into
the physical mechanism of friction. It was beligvéhat wear was an unavoidable
consequence of sliding contacts and thus the pdilysiechanism behind friction. Work by
Tabor and Israelachvili in the 1970’s contradicted thought and showed experimental
evidence of friction occurring in a zero-wear eomiment”. They used a surface forces
apparatus, shown in Fig. ®,which consists of two cleaved mica sheets cunaally flat
and slid them across one another while measuriagitiimal and lateral force. Due to the
absence of wear the friction between two contaastntherefore originate from another
mechanism. That mechanism has been proposedgiedn®nic friction (sound or heat wave

generation) and additionally electronic frictiom &ectrically conductive materials.



Fig. 1.1 shows a diagram of a surface forces appa(8&FA) where two atomically flat
mica sheets are rubbed together. Measuremené afcdimal and shear force is allowed
via springs. Reproduced from Ref. 5.

Another type of friction is apparent for objects vimy through a viscous medium,
where the viscosity of the fluid opposes the matiolmstances of viscous friction are a
skydiver reaching terminal velocity or a submariraeseling through the water. This force

equation can be written as:
F=— .

wherem andv are the mass and velocity of the object, respelgthandr is the time that the
object’s velocity would take to fall to 1/e of itsiginal value if this frictional force was the
only acting force. This #’ will come up again in a surface applicable formdawill be

referred to as “slip time.” The drag coefficignéqual tom/r is an important quantity when

dealing with the diffusion.



1.2 Diffusion

Diffusion in its simplest form is a net displacerhehparticles from an area of higher
concentration to one of lower concentration by mandoarticle motion and is described by
Fick's lawP. Simply stated Fick’s law is defined as

J=-D0Og )
wherelJ is the diffusion flux or the amount of materiatdhgh an area per unit timg, is the
diffusion coefficient, andpis the concentration. The diffusion that thissdigation will deal
with is surface diffusion, which is the motion arficles at a solid surface. This process can
be thought of as particles hopping between adjaadsbrption sites, shown in Fig. 1.2.
Adsorbed atoms have a tendency to rest at the fdtemergy minima of the underlying
solid. The significance of surface diffusion ircheological applications ranges from the
growth of semiconductor devices for electronicghte refinement of exhaust gases in the
automotive industry to the liquid wetting of solidaterials to reduce frictidn Increasing
efforts have been aimed at understanding the plytaevs that govern the diffusion of

atoms, complex molecules, and particles on solithses.



Fig. 1.2 shows the diffusion of an adsorbate frama site (white oval) to another site
(blue oval) on a crystalline surface (red circles).

Many of the major fundamentals of surface diffusiorder ideal conditions are now
well understood due to experimental and computatiefforts in recent decades. Some of
these experimental methods include scanning tummpelnicroscopy and field ion
microscopy. However, surface diffusion becomeseaasingly complicated when the setup
consists of non-equilibrium conditions, impurities,other defects that are typical under real
life situations. Numerous experiments have replothat non-equilibrium measurements can
produce different results from equilibrium measueats. Also, experiments have shown
that impurities can affect surface diffusion i.epurities can adsorb preferentially to step
edged® where they may hinder diffusion and initiate remeoth growth. Surface defects
provide preferred adsorption sites for chemi- oygworbed particles drastically affecting
diffusior?.

Measurements of diffusion reveal a more complesemigtion of adsorbate-substrate

interaction and encompass frictional damping arsbdzhte-adsorbate interaction. A way to



qguantify diffusion is with the diffusion coefficienD, which is measured in area per unit

time. An equation for diffusion can be written as:

D=D ~Eqgir .
=D, exp, T (1.t
B

where kg is Boltzmann’s constant is the temperature, ard, is the diffusion prefactor
which is the value foD at T—o or whenksT >>Egi. Egitr iS the diffusion barrier, which is
the range in potential energy laterally. At veowl!temperatures this equation does not
accurately describe diffusion since quantum tumgetlominates. However, whé&gT is on

the order oEgi, one obtains for a particle on a 2D plane

(1.6)

wheref;, is the hopping frequency between sites dhid the mean square site distance. At
higher temperaturdsT >>Eqs, and Brownian motion occurs where the substrat®tiseen
by the adsorbates and a 2D gas is observed. Hisstelation can be written in 2D from

Bird*® as:
D="e" (1.7)

where 17 is the interfacial coefficient of friction and /A ithe area of contact with the
substrate. The friction coefficientis defined ag = o/r wherep is the mass per unit area of
a particle, cluster of particles, or a 2D film.

Diffusion is, however, highly dependent on not otfig mass of the particles, but also

the cluster size. A number of theories have thienbeported, which treat progressively



increasing adsorbate coverage that range fromnierds of self-diffusion of individual
particles?, (Fig. 1.3a) to self-diffusion of island clust&tgFig. 1.3b) to spreading diffusion

within complete monolayets*®** (Fig. 1.3c) as described next.

a) ]—’ | b) p
& 9 I
® )13
. O Q\F

Fig. 1.3 shows a depiction of a) single molecuféudion, b) island cluster diffusion, a
c) spreading diffusion.

The diffusion and spreading coefficients referredso far are two-dimensional
guantities that are defined in an entirely distincanner from the spreading rate of a
macroscopic droplet placed on a surface. Suchosegpic droplets may completely wet,
incompletely wet, or not wet surfaces that they iareontact with, and it is common to

define a “spreading coefficienK to gauge whether wetting will occur:

K=Va=Vo~ Voo (1.8)
The termya is the surface energy or surface tension of thid,sg is the surface tension of
the liquid in question, angg is the interfacial tensidn If K is positive then the liquid will
wet the surface, but K is negative then it will dewet from the surfacén 1977, Dash

employed thermodynamic arguments to demonstratedirespondence between three types

of vapor pressure adsorption isotherms and thee thetegories of macroscopic wetting



behaviot®. Dash’s correspondence between sub-saturatioorgits behaviors and
macroscopic wetting types is depicted in Fig. 1lo# the cases of (a) “complete”, (b)
“incomplete” and (c) “nonwetting” behaviors. Withcreasing coverage adsorbed films may
form (a) ever thickening uniform layers, (b) a wnif two-dimensional layer after which all
material goes to form a bulk droplet at the bultusastion vapor pressure, or (c) only trace
amounts may condense in advance of bulk dropletndton. Macroscopic wetting
characteristics can thus be probed through recgrdinadsorption data at sub-saturation
vapor pressures where droplet formation aempletely inhibited A quartz crystal
microbalance (QCM) is an ideal tool for studiedilbh adsorption and wetting at these sub-
saturation pressures, including sub-monolayer @ges. The focus here on film spreading

and diffusive behavior that is restricted to twmdnsions.

P=R, P<P,
@
777777777 777777777 J
(b) 5
777777777 8 b)
4 0
P/P, !
©
777777777 777777777

Fig. 1.4 Three types of wetting behavior at anaWwethe saturated vapor pressusg P
along with their corresponding forms for the vapogssure isotherm. (a) complete
wetting, (b) incomplete wetting and (c) nonwetting.



1.3 Various Diffusion Coefficients

(A)  Brownian motion of mobile particles and the d&hield wiper effect:

It was recently reported that when a mobile oventag present on a metal surface, a
MHz transverse oscillation created by a combinedrtgucrystal microbalance-scanning
tunneling microscope (QCM-STM) can produce a cledavaneling image of the metal
surface compared to the same system without oseiffd This observation was attributed
to a “windshield wiper” effect in which rapid odailion at the tip-surface interface created a
region below the tip where at least part of the ieobverlayer was wiped away causing a
clear image seen in the lower half of Fig. 1.5anisH in the STM image for a non-oscillating
QCM was attributed to surface diffusion of adsoebatolecules in and out of the region
between the tip and substrate. This phenomenowrsho the upper half of Fig. 1.5a is
consistent with the fact that the “windshield wipesffect is absent for non-mobile
adsorbates.

To explore the feasibility of this explanation, Brer and colleagues performed
numerical modeling to determine the steady-stateceotration of a mobile lubricating
overlayer under an oscillating contact due to serfiow'’. The modeling predicted that a
region below the tip with a reduced concentratibmobile overlayer can be maintained by
MHz transverse substrate oscillations for a phylsicaalistic range of overlayer diffusion

coefficients.



The flow model that Brenner used to describe theMe@ITM dynamics was later
extended to an analytic multi-scale expressioneftective liquid lubrication of oscillating
contacts via surface flow where a fraction of thbricant is removed from the contact at
each cycl&. Using a simplified flow model, a unitless scgliquantityS was identified that
provided a multi-scale measure of the effectiversfsa liquid lubricant replenished via

surface flow. The unitless scaling param@&ef a reciprocating contact is defined as
g=1A (1.9
D

wheref is the repetition frequency that the lubricantrésnoved,A; is the contact area
scratched free (or partially free) of the lubricaahd D is the lubricant single molecule
diffusion coefficient. The lubricant steady-statnter concentratio@ shown in Fig. 1.5b is

defined as
C(S) = — (1.10

whereA andB are quantities dependent on the fraction of l@micemoved per cycle. The
red line in Fig. 1.5b is 10% of the lubricant reradvand the blue line is 0.1% of lubricant
removed per cycle. This model was fit to magnke#od disc drives (MHDDs), MEMS, and
macroscopic industrial machines. It is ideal fquid lubrication and space application since
there is negligible vapor phase and will work fay @aystem with a periodic contact relying
on surface diffusion. This model will be used éomparison from hence forward. In order
to probe the validity of the approach, Brenner ktused values of the self-diffusion

coefficient for a number of systems and found ages# for a large range of length scales.
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For the data presented in Fig. 1.5b, realistic emlfor the frequency and contact area yield
102 cnf/s for the removal rate parametdrAf). A self-diffusion coefficient of 18 cnf/s
shown however to be vastly insufficient to refiletarea scraped free in one cycle, as might
be expected intuitively. The self-diffusion coeiiot must be approximately 100 — 1000
times greater in order for this to occur. Such galunay not be unrealistic for islands of

particles, as discussed next.

 a
2
b = o
& Non-lubrication
=
@
£ 0.5 -
s 0
(8}
b) | =
5 TN
ubrication
o ﬂ =1 T T 1
-2 -1 0 1 2

log(S)

Fig. 1.5 shows the “windshield wiper” effect forahnon-oscillating QCM (noisy regio
and an oscillating QCM (clear region). b) The loént steady-state center concentre
at the contact for values coinciding to the arearo6§TM tip and the frequency of a
QCM. The red curve corresponds to 10% of the damti removed per cycle, and the
blue curve corresponds to 0.1% of the lubricantovesd per cycle. This was reprodu
from Ref. 11.
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(B)  Brownian motion of islands.

The diffusive and frictional behavior of clusterkparticles is distinct from that of
their constituent particles, (Fig. 1.3a, b) and eary dramatically with size. Sliding friction
values may drop for clusters of atoms, for exampkgause the formation of an island
generally requires that some or all of the atomthelayer becomes incommensurate with
the substrate. Gold islands of 250 atoms have tmemely observed to diffuse on graphite
substrates with surprisingly large diffusion cog#hts® (D = 1000 crfis and = 0.5 eV
compared to single atom vald@sf D = 0.002 crfis and & = 0.08 eV) Similar behavior has
been reported for other metal clusters asell

Pisov and coworkers have suggested that the diffusehavior of such islands can be
probed by means of QCM via the fluctuation-dissipatrelatiot?. In particular, they
suggest that the cluster drift mobility can be tedato an island diffusion coefficiem;
through the Einstein relation, (1.7) writtenxg-A4 = kgT, to obtain:

r= D mN
KT

1(11)

wherer is a measurable quantity of the QCM describedhtBCo, = mN/Ais the mass per
unit area of an island consistingfatoms, each with mass Island diffusion coefficients
which are greater than @nf/s should be detectable using a QCM. Given thaigtands
may be exhibiting self-diffusion at a much greateace than individual particles,
replenishment by means of diffusive motion of islenmay become a mechanism for
lubrication in cases where the island size is coalga to that of the contact. This

mechanism is distinct from the case treated numkyiby Brenner and coworkérs™* and
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that of a spreading film replenishing regions af ldensity due to internal pressure gradients.

An analytic model of the latter phenomenon is dbscd next.

(C) Spreading diffusion of an adsorbed monolayer.

If a small amount of liquid is placed on a surfaten the rate of increase in surface
area of the liquid as it spreads into a thin filrefides how quickly the area can be
replenished. Experimentally obtained values, hareare generally not easy to obtain.
Widom and Krim described one such method in 1994,dbriving how the spreading
diffusion coefficientDs can be experimentally determined from slip timas adsorption
isotherm information obtained from QCM measuremaintsub-saturation vapor presstres
Through substitution of Eq. (6) into Eqg. (7) in thaper by Widom and Krim the spreading

diffusion coefficient, measured in éfs, is given by:
Dg = r(%] (1.1

where @is the film spreading pressure, or the force pet kength exerted on an arbitrary
boundary within the film. The spreading pressune loa obtained from adsorption isotherm

data, since it can be written in the form:

koT 7 22(P) dP (1.1¢
m

p(P) =T [ 20

o —T
Q

where p- is the mass per unit area adsorbed at predBureThe spreading diffusion

coefficient obtained in this manner provides amitnte gauge of whether a lubricant is able

13



to spread back into a contact where it has beapsdroff: Simply stated, D<= 1 cnf/s,
then a 1 crharea brushed free of an adsorbed film will beaeished by sideways flow in a
period of 1 s. For this to occur, it is of coursecessary that a reservoir of lubricant be
present to resupply the emptied area. This regemight be a resupply from the gas phase
onto an adjacent area of the surface perhaps a nearby high surface area regiorattisias

a sponge or ballast for the film material to flavia the uncovered region.

In the case reported here, the spreading diffusamfficientDs, not to be confused
with the spreading coefficier{ from (1.8), is akin to the rates of spreading seethe
literature. The units oDs of cnf/s are equivalent to the rates of spreading anéroth
diffusion coefficients mentioned before. Ratesspfeading are seen in the literature to be
many orders of magnitude greater than the singtectediffusion coefficier®?*?* These
references also show similar measured values et raf spreading to our experimental
results.

Several researchers have in fact developed modelthé film replenishment from
the vapor phase where lubricant films are scraleat oegular intervals by asperity contacts.
Sawyer and Blanchet, for example, developed a méatethe lubrication of combined
sliding and rolling macroscopic scale based oncthredensation of 2D islands of lubricant
from the vapd?. In related work, Dickrell et al. developed arpesssion for the vapor
lubrication of a reciprocating contact that allofes both time and position dependent film
lubricatiorf®. Like the Sawyer-Blanchet analysis, the Dicketlal. expression neglects any

contributions from surface flow. While vapor phasplenishment may or may not be a
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significant source of lubricant replenishment, depeg on the geometry and vapor pressure
of the adsorbed film species, sideways surface fluygt always be taken into account in a

complete treatment of the topic.

1.4 Aims of the Dissertation

A QCM was used to measure the interfacial slipetiof various monolayers on
surfaces relevant to MEMS i.e. silicon, self-asskeohbmonolayer (SAM), and aluminum.
The slip time measured by the QCM was correlated diffusion coefficient, through a
previously theorized meth&d The diffusion coefficient is a useful parameirerdealing
with MEMS lubrication. The first part of this work deals with the addition tricresyl
phosphate (TCP) to a bound lubricant allowing iaface diffusion of TCP to replenish the
contact region. The addition of TCP to a SAM irged the lifetime of a macroscopic
tribometer and decreased the coefficient of frictior a nanoscale contact in an atomic force
microscope (AFM). Since TCP was seen to possésgher slip time and therefore higher
diffusion coefficient on silicon compared to a SAMe next logical question is whether or
not a liquid layer of TCP will lubricate a silicaontact better without the SAM than with it.
This is in comparison to work done by Zabinksi leirasolving bound and mobile phases of
a lubricant on a MEMS devite It is experimentally showed here that the additf TCP
to a SAM will extend the lifetime of a tribologica@ontact in agreement with Zabinski.

However, TCP lubricated better without the boundVBAiffering from Zabinski in this
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particular case, but in agreement with a largdushén coefficient. All of these results were
fit to Brenner's model and showed good agreemehtlso elucidated some caveats in the
model which need to be accounted for when compaoMEMS. A measurable increase in
adhesion with the addition of TCP was witnessethemanoscale but not on the macroscale.
In addition to the lubrication model, this increasieadhesion and capillary effects in a
MEMS contact must be taken into account to ensuygdation.

The other aspect of this dissertation is the diffo of various alcohols on these same
substrates. Alcohols (specifically propanol andtaeol) have been shown to reduce
adhesion in a nanoscale contieind indefinitely extend the lifetime of a MEMS itm?° so
long as an environment of alcohol vapor is presdbiffusion coefficients were calculated
for the spreading diffusion coefficied from (1.12) and the island diffusion coefficidby
from (1.13) at full and half monolayer coverages. full monolayer coverage it is clear to
see why alcohols lubricate a MEMS device accordinthe spreading diffusion coefficient.
At half monolayer coverage the island diffusionftioeent drops and values and lubrication
is not as obvious.

An alcohol vapor environment is not feasible fornnypaapplications of MEMS
engineering. The question arises that if the vapaoemoved, can the alcohol left on the
surface lubricate a device through surface diffusidone? This work will show that the
SAM may be acting as a ballast or sponge holding d@he alcohol post pumpout and
allowing surface diffusion of said alcohol into thentact region. Without that SAM, the

alcohol will be pumped away completely and the dewiill fail. An interesting result was

16



witnessed with trifluoroethanol (TFE) on a SAM whievas different than pentanol and
ethanol on a SAM. It showed no measurable sligetekin to each of the alcohols on
aluminum as well. No slippage or slippage immealsier by the QCM may translate to a
lower surface diffusion coefficient and thus poalorication. This supports the notion that
without a vapor contribution, TFE will not lubriegath device even with a SAM acting as a

reservoir since surface diffusion will be limited.

1 G. Amontons, Mem. Acad. Roy. Sci. 206 (1699).

2 F.P.D. Bowden and D. Tabor, Friction and Lubrizatof Solids, Part I, Oxford University Press, Qxfo
(1954).

% J. N. Israelachvili and D. Tabor, Proc. R. Somd.oA 331, 19 (1972).
*J. N. Israelachvili and D. Tabor, Prog. Surf. Mengci. 7, 1 (1973).

® B. Bhushan, J. N. Israelachvili, and U. Landmaanétribology: friction, wear and lubrication at ta®mic
scale. Nature, 374:607, (1995).

® A. Fick, Phil. Mag. 10, 30 (1855).

"J.V. Barth, “Transport of adsorbates at metalaag$: from thermal migration to hot precursorsfS8ci.
Rep. 40, 75 (2000).

8 M. Kalff, G. Comsa, T. Michely, “How Sensitive Epitaxial Growth to Adsorbates?” Phys. Rev. Lett, 8
1255 (1998).

°® M. Giesen, “Step and island dynamics at solid/uac@nd solid/liquid interfaces” Prog. Surf. Sci, 8
(2001).

9°Bird, R. B., Stewart, W. E., Lightfoot, E. N., ‘dnsport Phenomena,” Wiley, New York, (1962).
' M. Abdelmaksoud, S.M. Lee, C.W. Padgett, D.L.ngi D.W. Brenner, J. Krim. Lang. 22, 96(#06).

125, Pisov, E. Tosatti, U. Tartaglino and A. Vanp&sild Clusters siding on graphite: a possible guenystal
microbalance experiment? J. Phys. Condens. MatB8d3015 (2007).

13 A. Widom, J. Krim, Phys. Rev. E. 49, 4154 (1994).
14 D.W. Brenner, D.L. Irving, A.l. Kingon, C.W. Padgel. Krim. Lang. 23, 9253 (2007).

15p.G. de Gennes, Rev. Mod. Phys. 57, 827 (1985).

17



163.G. Dash, Phys. Rev. B 15, 3136 (1977).

17B. Borovsky, B.L. Mason, J. Krim, J. Appl. Phy8,&017 (2000).

18 . Bardotti, P Jensen, A. Hoareau, M. Treilleux@baud, A. Perez, Surf. Sci. 367, 276 (1996).
19C.DeW Van Siclen, Phys. Rev. Lett 75, 1574 (1995).

20'5.C. Wang, G. Erlich, Phys. Rev. Lett 79, 3839@)9

2L AJ. Gellman, Trib. Lett. 17, 455 (2004).

27T, Svitova, H. Hoffmann, R.M. Hill, Langmuir 12712 (1996).

% A. Chengara, A. Nikolov, D. Wasan, Colloids Suf.206, 31 (2002).

243, Zhu, W.G. Miller, L.E. Scriven, H.T. Davis, @uitls Surf. A. 90, 63 (1994).

Z\W.G. Sawyer, T.A. Blanchet, J. Tribol. 123, 572@2); T.A. Blanchet, J.L. Lauer, Y.F. Liew, S.J.eRh
W.G. Sawyer, Surf. Coat. Technol. 68/69, 446 (1994)

26 p L. Dickrell, W.G. Sawyer, J.A. Heimberg, I.Lngkr, K.J. Wahl, A. Erdemir, J. Tribol. 127, 82 (20).

?"Eapen, K. C., Patton, S. T., Zabinski, J. S.: iagtion of MEMS using bound and mobile phases ofiblin
Zdol. Trib Lett 12, 35-41 (2002).

28 Strawhecker, K., Asay, D. B., McKinney, J., Kim,k: Reduction of adhesion and friction of silicoxide
surface in the presence of n-propanol vapor irgeephase. Trib. Lett 19, 17-21 (2005).

2 Asay, D. B., Dugger, M. T., Kim, S. H.: In-situ par-Phase Lubrication of MEMS. Trib Lett 29, 67-74
(2008).

18



Chapter 2: MEMS Introduction and Literature Review

2.1 Introduction

Microelectromechanical systems (MEMS) have the micik to revolutionize
widespread technologies due to their low manufaogurcost and minute power
consumption, but tribological issues have slowashpess immensel§3233 As these
MEMS devices become smaller and smaller, surfatectsflike van der Waals and
capillary forces dominate, and body forces like vidya and inertia become less
significant.  Currently, devices which are intendéor one-time use, like an
accelerometer for airbag deployment, work suffitierwell and are used globally.
However, there does not exist a single commercalbilable device which encompasses
surfaces in continual sliding contact. Gears amators which could enable more
complicated movements at the microscale have bemered useless due to friction and
other tribological issues. Conventional lubricanénot be employed even in theory
since the viscosity of the liquid would cause exieepower dissipation canceling one of
the main qualities of a MEMS device. Adhesion,c#jielly stiction (irreversible failure
resulting from adhesion) has been shown to betagral contribution to failure.

There are two types of stiction relevant to MEM&:use and release related.
Release related stiction, shown in Fig. 2.1, ocdusng the release process when the

surface tension of the rinse pulls the contactettegy, and the restoring force cannot
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overcome the adhesive force. In-use stiction acatren parts come into contact during
operation either unintentionally or by design. &lmninate failures from stiction surface
modifications are needed. The surface must be rhgdeophobic to remove capillary
forces, resistive to tribological wear, and stahlehigh temperatures. Some different
proposed solutions to the problem include surfameghening to decrease the area of
contact, chemisorbing a solid lubricant to the mkicontacts, and utilizing a self-

assembled monolayer (SAM) for obtaining a low-stefanergy end group.

water

Hydrophilic surfaces

b)

Fig. 2.1 shows an example of release related stictid) shows the device as the water
evaporates and b) shows the device irreversiblykstfter evaporation.

Surface roughening does not keep adhesion low fwugh cycles since
tribological degradation occurs over time resultinggither a smooth surface or plowing

and wear particle genereation. Hard solid lubticaatings such as diamond-like carbon

20



are a promising suggestion, but they have mangreifit issues to work out. Firstly, they
do not work well in different environments i.e. ghite works well in air but not vacuum
and Mo$ works well in vacuum but not humid environmengecondly, solid lubricants
change the material properties of the structureclvican lead to excess strain causing
bending or breaking of the device. Thirdly, theg @onductive and can undesirably
short out the device. In addition, solid lubricaneed to be located at the contacts which
cannot always be deposited through line of sighthods. SAMs, while highly effective
against release related stiction and easily degmbsafter the etch phase, have proven
ineffective as MEMS lubricants. A bound SAM hasmeans of replenishment once it is
worn away from the contact. Indeed, even the musist SAMs fail to protect devices
from tribological failure for either normal (tapmincontact or sliding (shear) contict
Fig. 2.2 shows a scanning electron microscope (SiaMpe of a MEMS friction tester
designed at Sandia National Laboratories. Quidkriawas characterized as an abrupt
stop in the motion of the main shuttle due to thetibnal forces and was easily
witnessed via an optical microscope. Alternativ&EMS lubrication schemes must

therefore be developed if progress is to occur.
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Fig. 2.2 A MEMS friction tester showing a) the counhiive setup and b) the contact u
for optically measuring friction coefficients. Repuced from Ref. 34.

Eapen et al. suggested that the addition of a mdldricant in combination with
a bound chemisorbed SAM, illustrated in Fig. 2t8dd decrease friction and wear over
a longer period of time than either the bound orbiteolubricants alon8 The
combination of bound and mobile lubricants did edl@xtend the lifetime compared to
either constituent alone asserting this claim. thiat study, the mobile lubricants were
delivered to the device surface by liquid immersioNso, the devices used were large
compared to the vast majority of MEMS, and were affected by release-related

capillary effects, so Fig. 2.1 did not apply.
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Fig. 2.3 shows the concept of a mobile lubricaatl fivavy lines) replenishing the
mechanically worn away SAM keeping the device opleréor longer periods of time.

Various combinations of dual layer films emergetkathe suggestion by Eapen
et af>. The first was Ren et al. who used steric acitoom SAM, specifically
aminopropyltriethoxysilane (AP%) They witnessed a larger load before failure in a
macroscopic tribometry test compared to APS an@ro8AMs. Perfluoropolyeither
(PFPE) was used as the second layer in anotherlayel study on AP¥. These and
other comparison studies of dual- and single-ldjyms were performed, which showed
superior wear resistance for the dual layer filsghg tribometry techniques from the
nanoscale to the macroscal®*® These layers were all dip-coated and were
chemisorbed to one another inhibiting mobility eswface diffusion. Since capillary
forces are detrimental to MEMS by causing increaagigesion leading to stiction, this
deposition process will not be viable for a widege of MEMS devices.

One way to prevent capillary bridge formation dgritubricant delivery is

through vapor phase lubrication such as that pegdyy Abdelmaksoud and Krim in
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1998*. The benefit of a vapor phase lubricant is thatdoverage is uniform even with
high occluded portions of MEMS deviéés In the results presented here a liquid layer is
adsorbed to the surface via the vapor phase. |&gpibrces are still a concern, however,
as the layer can traverse the surface and congragabntacts. Therefore the amount of
adsorbed lubricant was kept to a minimum, and am®unt will be further discussed
later. Following a deposition of a thin layer abticant onto the surface, an appropriate
surface diffusion lubricant model was used forafiht situations regarding the various

experimentally determined coefficients discusseipusly in chapter 1.

2.2 Prior studies of Tricresyl Phosphate

lllustrated in Fig. 2.4, tricresyl phosphate (TCRhich is a high temperature
lubricant additive to industrial oil, has been stadextensively by many research groups
including the nanotribology laboratory at North Glara State University. TCP was seen
to form organophosphate lubricants of graphitidoaron metallic substrates in a matrix
of polyphosphate glass after thermal decompositiofthis process produced lubricious
films for some metals including Fe and Cu but ntiteo metals, including Ni. The
thermal decomposition of TCP on Ni is however samilindicating that this is not the
mechanism for lubricatidi The addition of TCP was shown to decrease weraarh
already effective antiwear additive, oleic dcidIron phosphates were formed with steel

as a counterface on 38y, and oxides were formed with 3Ni;-on-SgN4; both were
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attributed to decreasing wear. The three TCP iser@TCP, m-TCP, p-TCP) were

shown to break down similarly in a tribological tact®.

Tricresyl phosphate (CHLCHL O ) PO

H,C
i
2 o—ﬁ—o
. e
CH,

Fig. 2.4 shows the chemical makeup of TCP.

QCM studies using TCP as a vapor phase lubricafecend Cr with and without
the presence of {showed a measurable slip time on Fe witha@d not with Cr in any

casé’*®

The higher slip times at the atomic scale warked to good macroscopic
tribological performance, and the non-measurabile tgnes were correlated to poor
macroscopic performance. Since then, TCP has jmegosed as a lubricant for MEMS
due to its high temperature stability and low vap@ssure. QCM studies of TCP on Si
and TCP on SAM treated Si were performed showingzeyo values for slip time for

each with TCP on Si being the lard&stA more in depth study of the mobility of TCP

on Si and TCP on a SAM treated surface was peridrhege using a QCM and other
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more traditional tribometers. The value of thg d¢ime of TCP on a SAM was
correlated to the computed value of the diffusioefticientD of TCP on a SAM. The
value of D on Si was inferred from the slip time to fit toeBiner’'s surface diffusion

model to predict the effectiveness of TCP on MEMS.

2.3 Prior studies of alcohols on MEMS

The use of alcohols as a lubricant in the liquidgghstemmed from work showing
good lubrication and low wear for silicon oxide asiticon nitrid€®. The idea to reduce
adhesion thus increasing tribological propertiest@nanoscale originated from atomic
force microscope (AFM) studies of n-propanol oriceit oxidé® and studies of n-
alcohols (n=1-12) on SAM treated surfatesThese promising results prompted studies
of MEMS friction tester lifetimes using pentandhis at 15% and 95% partial pressure
delivered to the surface from the vapor pRaseéentanol allowed the friction tester to
run for longer than one billion cycles (comparedatdare silicon device, which fails
around sixthousandcycles in a pentanol free environment) at bothiglapressures
without failure so long as the device remained eggoto pentanol vapor. The
mechanism for lubrication was proposed to be a &bion of a high-molecular weight
tribo-induced film containing large chains of cambo

Despite the success of these lubricants, an emagah of vapor is needed to

replenish the surface of the device for maintaidifgication, which is not ideal for the
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engineering and commercialization of MEMS. In déiddi, Ssome devices must be open to
the surrounding environment to perform their inedask®. In the study reported here,
the surface diffusion of alcohols was probed tongéya lubricant replenishment and to
investigate the possibility of removing the alcoliapor while still achieving lubrication.
The slip time of three different alcohols includipgntanol, ethanol, and trifluoroethanol
were measured with a QCM on Si, Al, and a SAM-cbatarface. The values were
measured during an adsorption isotherm and wersumeg after the vapor was removed.
Values for the spreading diffusion coefficidly and island diffusion coefficierd; were

inferred from the slip time.
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Chapter 3: Experimental Details

3.1 Quartz Crystal Microbalance studies of slidingtion and diffusion.

Many different experimental techniques were usethis study. QCM data and
all sample preparation of Si wafers were performgdnyself at NC State. In addition,
the macroscopic reciprocating tribometry measurasehtricresyl phosphate (TCP) on
Si were performed by myself at the Naval Reseam@botatory (NRL). The remaining
TCP data reported herein were recorded by MURI teataborators on samples
prepared by myself at NCSU.

The main instrument for data taking in this diss#oh is the Quartz Crystal
Microbalance (QCM). The QCM has been used as aweighing device for many
decades due to the high sensitivity of its resofr@guency enabling measurements of as
little as a tenth of a monolayer of adsorptfon When a voltage is applied to a
piezoelectric, like quartz, it will mechanically fdem according to the crystal's
orientation with respect to the applied voltageinc& the focus here is on transverse
(shear) deformation, the most commonly cut cry&talthese purposes is the AT-cut
which is oriented at angles 8f= 35’ 15’ from normal. When an alternating voltage is
applied to the metal electrodes of an AT-cut QCMuyill mechanically oscillate at its
fundamental frequency in transverse shear mode \adrya high quality factor (Q) of

around 18, An AT-cut QCM is optimized for frequency stabjliand low temperature
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coefficient at room temperature. Fig. 3.1 shoveasagram of a QCM and a side view of
the oscillation. The resonant frequency dependgherthickness of the quartz and can
range from 5-10 MHz. This technique assumes g thmiformly covered layer which is

rigidly attached for a direct proportionality bewvethe negative change in resonant

frequency of the QCM to the mass per unit aredefdsorbed film.

a) b)

Metal electrodes

o
Electrical @ f/ M StalA//

contacts

]

Fig. 3.1 a) top and b) side view of a QCM osciligtin shear mode. Taken from Ref. 57.

3.1.1 Mass Uptake Relationship

Sauerbrey determined a quantitative analysis betweechange in its oscillation
frequency due to the mass deposited on the QCMretiss. When an alternating
voltage is applied across the electrodes of an ATQCM, standing waves are created

from the mechanical shear stress of the piezoa@atthe thickness is an odd integer of
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the half wavelength of the induced wave. Then,ftilelamental frequencyf, is given
by:
Vg Vq
fo=—=— 3.1
0=T T (3.1)

wherevq is the speed of wave propagation in quaftzs the wavelength antis the
thickness of the quartz. Differentiating the Ilagan of both sides and
usingm, = p, At one can obtain the change in frequency due t@adserbed mass per

unit area on one side of the crystal:

Af=-p /A 4 3.
Pa Vq

where py is mass density of quartz amd is the mass of the film substituted for the
differential dmy as long asry is much smaller thamy. The equation is valid as long as
the attached film is non-dissipative. An intenegtsituation arises when the adsorbed

film is not rigidly attached.
3.1.2 The Quality Factor

While measuring the change in amplitude of thelladicig signal one can
measure the dissipation arising from an adsorbgst kand relate that to the film’s sliding

friction. This technique was pioneered in 1988rbpedance calculatioRs It was

shown that if the shear stress is below NN between the substrate and the film, then
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the layer will slip enough to be detectable by@®@M through frequency and amplitude
measurements. This dissipation is related to tiadity factor Q mentioned before which
is defined as

nTotal Energy in one cycle

, (3.3
Energy lost in one cycle

Q=2

It is clear that the dissipation is related toithesrse quality factoQ™. There is

inherent dissipation from the quartz, and any @olthtl dissipation from an adsorbed film
can be added directly

1 1 1
—_ - +

1 3.
Q Q, )

What follows is a derivation of the acoustic impeckof the situations arising from an

adsorbed film and how it can be related to therfiatéal slippage, or sliding friction.

3.1.3 Acoustic Impedance of a Viscous Film

Consider a flat surface oscillating in plane witblocity u =u, e™ with an

adsorbed film of thickness d, with bulk densjy, and bulk viscosity;,, , lying on top.

The oscillatory motion of the surface will causeeahwaves to propagate through the
film’'s z-direction normal to the surface. Takingetx-direction to be parallel to the
motion of the surface, the Navier-Stokes equat@rafviscous, incompressible fluid can

describe the adsorbed film by
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v, (zt v, (zt ,
Psi L: T % (3.5,

where the x-direction is in line with the motiontbke substrate. The subscript “f” refers
to the film (“v” will refer to the vapor), and theubscript “3” refers to the 3D, or bulk
values (“2” will refer to the 2D, or surface valjles he solution to (3.5) for a frequenty
under the assumption that the film does not slihainterface is given by

cosk d- z2)

v (zt) = u cos00)

(3.€

wherek=(1+i)( wo/ 27)*? is the dispersion relation. The acoustic impedahic gy / v,

can be obtained from the stress tensor compamgnrt 77(N/dz),- Written as

Z,= R -iX, = n, ktan(kd), where k= 5‘? @
3f

The real (resistive) component df, relates to the energy dissipation, while the

imaginary (reactive) componerglates to the inertia of the oscillator.
It has been showh that the total impedance is related to the frequeand

quality factor shifts of the QCM by

5(1j =R g2 K (3.8)
Q apqtq pqtq

where o, and t, are the density and thickness of quartz. Thesat&ms would be a

factor of two higher if both sides of the QCM argesed to the film. In the thin film
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limit, where| kd| (( 1, tankd) reduces tdd and the real part & vanishes reducing the
acoustic impedance to

Z, = - iX, = -igp,d = —iwp,, (3.9)
Substituting (3.9) into (3.8) produces the Sausrbesult for the mass-frequency

relationship given by (3.2).

3.1.4 Acoustic Impedance of a 3-Dimensional Gas

When the QCM is exposed to a gaseous environmieatatoustic impedance
introduced to the oscillator results from the shiegwedance of the gas. If adsorption
from the vapor phase occurs, then the acousticdamee introduced has an additional
component from the mass uptake. Consider thewhen there is only gas damping and

no adsorption. The acoustic impedance to sheae weanpagation is given by
Z, = R - i X, = @-iWm,f (3.10)
Substituting (3.10) into (3.8) one can calculaggfrency shifts and(J/Q) . However,

at low pressuresy, (time for excess particle momentum to relax aftdiision with the

vibrating crystal) of the gas particles becomeslaimo the period of oscillation. The
gas cannot be regarded as a simple viscous flaichbsat be looked upon as viscoelastic.

Its viscosity now becomes a function of frequentere

- ,73v
= ——— 31
,73v 1 + | CUTr ( )
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The resistance and reactancef of the viscoelastic gas are

R wr, 1
R =V7Pallat \/1+(wrr)2[ 1+(a)r ) ' 1} .

r

. wr 1
X, = fol—t—] l+—s -
\ W3\/73v \/1+ (a)l'r )2 [ (C()Tr )2 \]

For pressures higher than 300 Tomur, ({1, the gas does not behave viscoelastically,

so the gas can be regarded as a simple viscods flui

3.1.5 Separation of Film and Vapor contributions

Now consider the case of adsorption occurring ftbenvapor phase. The shear
waves produced by the QCM will diffuse through fi@ and into the surrounding gas.
The acoustic impedance in this environment will noave contributions from both the
adsorbed film and the vapor. Assuming a no-slipgnergy dissipation) condition at the

film-substrate boundary, the acoustic impedanggvisn by

Z, = Z,, tanh(¥ + yd)
where

Z,, = (1-i)V70as1af (3.13
7 -
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Again, assuming a thin film limit of| kd| (1, then the acoustic impedance

simplifies to

2
Z, = —iapz{l - (E—SJ }zgv . [kd (1. (3.1
3f

3f

2
Since the acoustic mismatch fact%l—(ﬁ] ] is close to unity in many cases, (3.14)

can be additionally simplified to
Zy, = “iwo, t Z, = Z; + Z, (3.15)
The damping effects of both the film and the ggsovan the QCM can now be broken

apart and one can write the frequency and qualitiof shifts separately as

X
oy X (3.1
pqtq pqtq

f8)-48)- 08l o
Q Q) Qy wp,t,

3.1.6 Damping from Interfacial Slippage of an Adsaat Layer

o(w) = o(w), + o(w), =

The effect of film slippage on the mechanical imgeck presented to the QCM
was calculatel. An additional impedanc#/7, from a sliding film in parallel to the no-
slip case earlier will arise from energy dissipataue to interfacial friction of the film.

The total acoustic impedance from a slip condittihen given by
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1 = i + _1 (31
va

Zow 1

Solving for the dissipative and reactive terms give

> xtot - = . apz + Xv > (318
Ret T Xt R+ (0402 + XV)
Rot — RI + i

Rit + Xlit R,Z + (QJOZ + XV)Z 7,
This approach is a small modification to the oraiderivation by Krim and Widom,

where

ZiT,
Zi +11,

tot = Zv +

(29)

was used in place of (3.17). In the low vapor dgnignit, the two approaches give
identical results. However, as the vapor dengitydases, the Bruschi and Mistura
approach gives a 10% - 15% correction to the Krioh\&fidom approach.

To calculate the slip time, one can solve fay, from (3.18) and use the relation

r o= P (3.20

7,
whereris the time that the total film momentum takesalbto 1/e of its original value if
the substrate were to stop abruptly. It is to beed thatr is an average value over the
entire film, since not all of the particles arelsig the same amount at any given time.
From (3.8) and (3.19) one can use the measuredyehannverse quality factor

and frequency shift to calculate the total impe@afig and from that the slip time and
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interfacial slippage. For a sliding adsorbed fimthout the surrounding vapor, the

determination of becomes simpler. The resistive and reactive compis of Z are

- Pt
R 1+ afr?

_ pw
2 1+ 12

(3.21)

Plugging in (3.21) into (3.8) and dividing one a#stain

5(ij = 210w (3.22)
Q

It is clear to see that in order to determine faidal slippage, one must measure the
quality factor shifts and resonance frequency stsafinultaneously. To accomplish this

task the quality factor shifts must be quantifiaéhat follows is an analysis of how the

amplitude of oscillation can be used to measureliaage in quality factor.

3.1.7 Experimentally Observing Quality Factor

The equation of motion for a damped driven harmoosgcillator, and its

analogous electrical equation are

d?x dx

m—- + b— + kx= E codw 3.23
dt? dt 5 coyw) (3.23
2

L% + %’ + %q =\, cos(wt)

where m is the total mass of the crystal and fibns the damping constant, aQ,ﬂ</_m

the natural frequency of the crystal. These equatishow a connection between the

mechanical quantities with the electrical equividen a circuit containing L, R, and C in
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series with an alternating emf. Substituting tbkitson of x = Acos(wt - (0) into (3.23)

one obtains

Alw) = Ko (3.24)

Jk - m#) + Gar

with the phase angle as

cw
= t 3.2!
@ arctan (k— 2] (

where A(«) is a mechanical amplitude (in meters) of oscitiati Using &, =/k/m

andQ :%, (3.24) can be rewritten as
c

FO
Alw) = %” - (3.26,
N (%cvj
(et - )+ [
A simplification occurs when the QCM is driven & resonance frequency. Therefore,

(3.26) becomes

Alw) O %(%J (3.2

The change in the amplitude with frequency anddh@&nge in amplitude with quality

factor are shown to be
(3
\A)
o[a)
Q

m (Aj m( @,
2 A - &
Oa§ and 0( ) (3.2
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Substituting the experimental values= 10®° Hz andQ = 10°, one can obtain

NE! o L
aé% 0 10° % (3.2¢

This illustrates that changes in the mechanicall@mie of vibration are independent of
changes in frequency. Since the voltage of thdlasieg signal is proportional to the
mechanical oscillation at the surf&&eamplitude changes in the voltage output may be
used to directly measure changes in the qualityfac

Measuring the QCM amplitude and ring down decayesirare two ways to

monitor AQ™'. Using (3.10) one can use a gas likeoNHe in the high pressure range to
get a proportionality constant betwea(l/ A) and 9(3/Q) since neither gas will adsorb

onto the QCM at room temperature. Fig. 3.2 showgpeal N, calibration from this
work with the measured(1/A) of the output signal vs. pressure af{d/A) vs. d(1/Q).
The conversion from pressure &1/Q) can be calculated from the ideal gas law and
pluggingR from (3.10) into (3.8). This graph shows a lineaationship allowing for
future amplitude shifts on a calibrated QCM to lbewerted to quality factor shifts for
layers adsorbed onto the surficelf gases cannot be used to calibrate the QChé @i
cryogenic temperatures where He will form a ligoid the surface) then a ring down

technique must be implemenféd
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Fig. 3.2 shows the raw data for the inverse angditus. pressure and the inverse
amplitude vs. the inverse quality factor for thensssample calibration of nitrogen gas.
A clear linear relationship is seen between thelige quality factor and the inverse
amplitude. Data taken from file 9-19-08n2.txt

When power is switched off to the QCM, the voltagethe electrodes decays

exponentially as
A(t) = A eV sin(wt+ @) (2P
where A is the driven amplitude, is the decay time constant, agds the phase. The

inverse quality factor is related tas

1.2 (3.31

Both wand1/Q can be measured from a numerical fit to (3.30Jl oAthe calibrations

implemented in this study were used viaddlibration curves.

41



3.1.8 Applications of a QCM

a) Slip time comparison:

The slip time of a sliding layer can be a usedall for comparing one monolayer
on various substrates, different monolayers on ddme substrate, or even the same
monolayer at different coverages and in differdmges. As such was the case of liquid
versus solid monolayers of Kr on Au, where thedsalonolayers possessed a larger slip
time (corresponding to a lower coefficient of fiict) than the liquid monolayets In a
modeling effort using phonons as the dissipativelmaism, this counterintuitive result
was attributed to a more commensurate liquid laygih the substrate than the solid
layer. Bruschi et al. in Fig. 3.3 showed an immggiransition from a pinned monolayer
to a sliding one not only with an increase in thestal amplitude but also an increase in

coveragé”.
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Fig. 3.3 shows the slip timeas a function of amplitude showing a discrete jumihe
slip time from a no-slip condition to a slip condit with increasing amplitude.
Reproduced from fig. 2 in Ref. 64.

A comparison to macroscale phenomena was seenQ@t studies of tricresyl
phosphate (TCP) adsorbed on Fe and Cr in the presehoxygen. Two distinct
behaviors were seen on the atomic scale showirip diree value of zero for TCP/Cr
and a non-zero value for TCP/Fe. These resulte w@mrelated to the macroscale where
TCP/Cr contacts exhibit poor tribological propestiend TCP/Fe contacts demonstrate
very low friction coefficients. A look at thesetustions has provided a unique
perspective on the fundamentals of friction at db@mic scale, but how can a QCM be
used to directly measure applicable quantities?

b) Contact replenishment:
For liquid lubrication to occur in a real contabetliquid (or monolayer in this

case) must be able to diffuse into the contact avkech was once wiped clear of
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lubricant. Clearly, the amount of surface diffusiis critical to determine the time for
surface replenishment to occur. The rate of irewea surface area of a drop of liquid in
contact with a surface which it can wet dependgheninterfacial friction and the film
spreading pressurey, obtainable from an integration of the vapor puessisotherm.

Defining a spreading diffusion coefficient as

D, = r(%j (3.32)
a102 T

which is measured in area per unit time and caexiperimentally calculated. The QCM
is uniquely suited to probe these conditions. ¥alof R range from 0.2 - 2 cffs for
liquid nitrogen and krypton on gold.

A different lubrication model involving the singfearticle diffusionD which is
not directly measured by the QCM due to island ftion at low adsorbent coverages,
was developed to span a wide range of cyclicalamimg systems from magnetic hard
disk drives (MHDD) to micro-electro-mechanical st (MEMS) to industrial
machines. This model incorporated the area ampiércy of contac), which can have
values of 10 cnf/s at room temperature, and the fraction of lulicemoved per
stroke. It explained the need for an oil mist witdustrial machines, which cannot rely
on surface diffusion alone and the theoretical bmgations of MHDDs. A QCM with a
mobile lubricant adsorbed onto the surface in aoctjon with a scanning tunneling
microscope (STM) showed that clearer images froenSMiM can be obtained while the

QCM is oscillating. The top half of Fig. 1.5a shtemhan STM image of a non-oscillating
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QCM, and the bottom half shows an image while &doilg. This situation was
explained by this model as a non-lubricating regintere the lubricant does not have
enough time to diffuse into the contact due toNtdz oscillations of the QCM. A non-
lubricating regime is ideal in this case since iti@bile lubricant is getting in the way of

the STM tip.

c) A QCM in contact:

A limitation of many other nanotribological devicis their contacting speed. For
an atomic force microscope (AFM) or a surface ferapparatus (SFA) one might expect
nanometer resolution but only a top lateral spdagbdo 10 microns per second. Higher
speeds many orders of magnitude greater than teaneeded to accurately portray
technical situations. The QCM'’s surface, howegan easily reach speeds in the tens of
cm/s and even a few m/s with higher frequency ladoils. The STM-QCM situation
was the first QCM-probe technique used to lookratiobn. Since then a number of
probes have arisen in connection to the QCM. S$pelty, a sphere with a radius of
3.5mm was used in contact with a QCM via a pieaagdor. Another QCM-probe
technique involved a nanoindenter possessing thigyato accurately quantify the
normal force and area of contact. Having a 0.5 radius of curvature tip, no slippage
occurred in this situation. However, the contaeswell defined and the possibility of

slip being observed with other QCM-probe techniquas assured.
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Microparticles have been utilized with a QCM tdedenine the force of adhesion
and the strength of the bond. Breaking of the bamd witnessed acoustically by
increasing the drive voltage and was dependent@site of the particle and the strength
of the bond. Using an optical microscope, latelxesps have been observed to traverse
the surface of an oscillating QCM independent alvgy. Static and kinetic friction play

an integral role in determining when bonds breakfamw far these spheres can move.

d) Measurement of electronic friction:

Electronic friction has been theorized to playirgegral part of energy dissipation
in a conducting contact. The theory is that enasgyransmitted to conduction band
electrons while in sliding contact before beinghsferred to the bulk as phonons. The
first instance of an experimental measurement @ theorized electronic friction
occurred while using a QCM with a superconductileeteode. Krim et al. in 1998 and
2006 used various gases,(Me, and HO) adsorbed on liquid He-cooled Pb electrodes

A>®®  In this case the

to observe the change in slip time at the supenacing transitio
friction coefficient decreased by a factor of twdile in the superconductive regime
where electronic portion of friction is absent. Arteresting phenomenon has been
observed recently on the macroscale with steelinglidon a high temperature

superconductor (Yttrium Barium Copper Oxide- YBEQyparking new questions about

the fundamentals of friction and making the QCMh&jue tool for nanotribology.
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3.2 Macroscopic Reciprocating Tribometry perfornaéthe Naval Research Laboratory:

strain gauges
e
.

counterface

Fig. 3.4 shows an illustration of the experimesttup for the macroscopic reciprocat
tribometer. The calibrated strain gauges measir@dormal and lateral force while the
stage oscillates back and forth.

Macroscopic sliding friction tests were performaa a homebuilt reciprocating
tribometer with computer operated translation staigean ambient environment with
temperatures in the range of 23*¢26and a relative humidity of 35-42%. The strain
gauges on the counterface arm shown in Fig. 3.4 wesasured with a Wheatstone
bridge and calibrated by hanging known weightshat counterface for the normal load
calibration and using a pulley system for the Etéoad calibration. A schematic of a
Wheatstone bridge is shown in Fig. 3.5. Using Kiraff's laws one can use the voltage
difference at V to calculate the resistance of Xjolk varies with strain. Loads of 0.5 N
were applied to a spherical sapphire counterfagdis 3.175 mm), resulting in mean

Hertzian contact stresses of 0.35 GPa. Each saogu#lated against the sapphire

47



counterface for 100 cycles along a 5 mm track ratte of 1 mm/s in ambient laboratory
conditions. Lateral force data were collected aneraged per sliding cycle and reported
as friction coefficient (lateral/normal force). &ddition, higher loads of 1 N and 2 N

were performed for one specific case only.

I
|+

i

Fig. 3.5 shows a schematic of a Wheatstone bridge ies determining mechanical
strain.

Similarly, a silicon counterface was used on a T@RBted sample without the
bound lubricant. Various loads from 0.3 — 1 N wapplied to the counterface (radius
3.175 mm), resulting in mean Hertzian contact see®f 0.23 — 0.35 GPa. Each sample
oscillated against the Si counterface for a maxinafnl000 cycles (or until failure)

along a 2mm track at a rate of 1 mm/s in ambientlitmns. The counterface and wear
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track were optically imaged using a white lighteirfierometer. Wear scars (or lack

thereof) were imaged and recorded for certain abarigtic data runs.

3.3 Microscopic Reciprocating Tribometry perfornmadhe Naval Research Laboratory:

Hysitron Triboscope

Instrumented Indenter
2D
Force
Transducer

Sample
translation

stage

Fig. 3.6 shows an illustration of the setup for thiero-tribometer. The sample stage
oscillated forward and backward creating a recigtiog contact.

Microscopic friction tests were completed in a colked environment of 30-50%
relative humidity and a temperature range of 2222%ising a scanning nanoindenter
(Hysitron Triboscope) illustrated in Fig. 3.6 thdtlizes a two dimensional electrostatic
driven force transducer and capacitive displacensemsing to simultaneously apply

normal force while measuring lateral force duritidisg. In these measurements, a 400

49



UN load was applied to a parabolic polished diameodnterface, ~8 pum radius,
resulting in a mean Hertzian contact stress of &P&. The tip oscillated for 40 cycles

along an 8 um track at a rate of 4 um/s.

3.4 Atomic Force Microscopy performed at North Qiai State University:

Photo detector

cantilever

Sample

Fig. 3.7 shows an AFM in lateral force mode. Thedakeflection in normal and lateral
directions is used for frictional force calibration

Friction behavior was measured with an Atomic Eoidicroscope (AFM)
(Asylum Research, Santa Barbara, CA) illustrateBign 3.7 under ambient conditions at
22°C and 44% relative humidity. Olympus OMCL-RC806tamgular (20 x 200 micron)
SIiN levers with pyramid silicon nitride tips 8k, Olympus, Tokyo, Japan) having
nominally a 20 nm tip radius and 0.05 N/m cantitespring constants were used in as-
received condition for experiments. Friction dak a function of applied load was

obtained by scanning in contact mode while simeltarsly ramping the normal force
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setpoint from positive (compressive) to negatieastle) load until the tip separated from
the surface. The adhesive force of the tip-samptetjon was defined as the magnitude
of the tensile force at pull-off while the latefattion force was defined as the half-width
of the friction force loop at each load. Normaldalateral forces were calibrated
according to methods outlined A and ®°, respectively. The normal force calibration
relies on the resonant frequency, quality factoig geometry of the cantilever. The
lateral force calibration uses a commercially aldé grating with planar facets
simplifying the calibration. Cantilever-tilt compsation was employed to reduce
coupling with sample topograpffy One SAM coated and one TCP/SAM coated Si wafer
were tested at multiple points per wafer. Usingri20 as the tip radius, a Hertzian
contact pressure of 2.0 GPa is calculated at thgimuan load (-6 nN including
adhesion).

Microscopic single-asperity interactions typicallgsulted in friction being a
nonlinear function of load — and sphere-on-SAM inattions can be particularly

complexX*"%"3

So it was not entirely appropriate to use therimétoefficient of friction”
in this context. Instead approximatefriction coefficient, defined as a linear fit tbet
datain the positive loading regime onlyas reported. This definition was justified oe th
bases that (1) nonlinear effects were more proreint the tensile regime,

compromising the fitting process and (2) otheristidests in this study were performed

at positive load, so this usage best facilitategsitechnique comparison.
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3.5 Vacuum System

The QCM data and the generation of TCP samples penformed in the vacuum
chamber illustrated in Fig. 3.8. This chamber wenlified from an existing chamber to
fit the needs of the present studies. These nuadiifins include a liquid nitrogen-cooled
(LN») trap to condense any errant TCP vapor beforeacan@tion of the pump and its
eventual release into the laboratory environmem, addition a leak valve to allow
alcohol adsorption, and a transfer arm to manipuaimples inside the chamber. There
are three stages of pumps on this system to achig\evacuum (HV). The first is a
roughing sorption pump which was used to go fromaspheric pressure (760 Torr) to a
point where the turbomolecular pump (turbo) maybed (mTorr). The sorption pump
is a LN>-cooled chamber filled with a high surface arealit®owvhich acts as an
adsorption site for gases to condense in the liggndse. The turbo is a mechanical
turbine which creates a pressure gradient and parate in the mTorr range reaching a
pressure of ~I®Torr. Due to the small size of the vacuum chamther sorption pump
was used to back the turbo without fear of satomati At this point the valve to an
operating ion pump was opened and the pressurab¥ago reach ~IDTorr with a bake
of the chamber to 18C. The pumping speed of the ion pump and the bigtiuded

areas of the vacuum chamber limit the base preséihe vacuum system to ~¥@orr.
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Fig. 3.8 shows a schematic of the custom modifeexlum system showing pressure
gauge, various pumps, and sample manipulatorddremale).

3.6 QCM electrode preparation

MEMS devices are currently fabricated from silicand aluminurf, so these

surfaces (in addition to a SAM) were used as ades on a QCM. All of the silicon

coated QCMs were obtained from Maxtek, Inc (novici) and have a Cr/Au interlayer

for adhesion.

They possess a fundamental resdreapiency of around 5 MHz and

oscillate in AT-cut transverse shear mode. Alumrinuas also chosen for the electrode

surface because in an ambient air environmentssgsses a native surface oxide similar

to that of silicon; this native oxide termination the QCM was needed for the SAM to

chemisorb to the crystal surfdée The aluminum and SAM coated QCMs were grown
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ex situin a vacuum chamber dedicated for metal depositibhey were fabricated by
thermally evaporating titanium and aluminum layénms vacuo onto both sides of
commercially available, blank 8MHz AT-cut quartzystals, obtained from Colorado
Crystal Corp. An additional QCM acting as a ratenitor was placed beside the blank
crystals to infer the desired amount of evaporahteaed on the samples. The titanium
layer was 20 nm thick and acted as an adhesion fayehe 50 nm thick aluminum

coating.

3.7 SAM deposition onto QCMs and Si Wafers

The SAM, perfluorodecyl-trichlorosilane (PFTS) 40CF)7(CH,).SiCl;, was
coated onto P-type, boron doped, silicon (111)dimied from WaferWorld, West Palm
Beach, FL) substrates using standard literaturedideposition techniquésis illustrated
in Fig. 3.9. All samples were cleaned by firstsing in de-ionized water followed by a
methanol rinse. To assure deposition uniformity,tlee substrates were UV-ozone
cleaned for 15 min and placed in subsequent bathsater, isopropanol (IPA), and
trimethylpentane (TMP) for 5 min each. Followingese surface preparation steps, the
samples were immersed for two hours into a batlPBTS/anhydrous TMP solution
contained within a dry nitrogen environment; thisqedure has been reported to provide
a densely-packed monolayer of PFTS on silicon dRiddlext, following the referenced

procedure, the samples were placed into subsetpagm of TMP, IPA, and water for 5
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min each to remove any unbonded silane chains. sdhe procedure was used to coat

the aluminum and silicon crystals used in QCM measents.

A
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Fig. 3.9 shows an illustration of PFTS and the scdtec for its chemisorption to a silic
oxide surface.

One way to determine the wettability of a liquidplet on a surface is to measure
the angle of the edge of the droplet to the ceotdhe droplet. If the contact angle is
low, then the liquid is said to wet the surfacéthé contact angle is high, then the liquid
is said to not wet the surface. This contact argkhown in Fig. 3.10 of water on SIiO
(very low ~5) and on PFTS (very high ~190 SiO is known to be hydrophilic, and
PFTS is known to be hydrophobic. The contact aigyke good measure of whether or
not a liquid will form capillary forces. If the otact angle is higher than 90then

capillaries are forbidden to form.
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Fig. 3.10 shows the approximate contact angle antakikty of water on a hydrophilic
SiO; surface (left) and a hydrophobic PFTS surfacenfyig

3.8 Tricresyl phosphate adsorption onto QCMs and/&fers

TCP, obtained from the Naval Research Laboratwrgs deposited on the
designated PFTS-coated wafers and bare Si waferg assimple vacuum evaporation
techniqgue. Samples (either QCM or Si wafer) wdezed in the center of the vacuum
chamber directly above a tungsten wire crucibletaiomg TCP shown in fig. 3.7. The
vacuum chamber reached a base pressure withoutea(bmce that would release the
TCP into vapor form) of 10 Torr with an ion pump without vaporization of tH€P.
Deposition of TCP was performed by heating the ibtedo over 100° C with a current
of 3 Amps through the wire basket; heating the ibltecwas necessary to release TCP
into the vapor phase, since TCP has a low vapaspre at room temperature. During

this process, the vacuum pressure was maintaingd®aforr with the turbo pump and a
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LN, trap. A LabView program was used to measure tbguency and amplitude shifts
of the QCM during deposition. Prior to QCM friatianeasurements a high-puritys N
calibration was performed for quality factor corsiens. The QCM was used to

standardize the amount of TCP uptake for all wdégrositions.

3.9 Characterization of PFTS and TCP adsorption

To verify the deposition of the PFTS monolayer @ahe TCP lubricant layer,
Fourier transform infrared (FTIR) and X-ray phoextton (XPS) spectra were obtained
from coated Si wafer surfaces. FTIR analyses wweréormed using a Thermo-Nicolet
Magna 760 IR spectrometer with a mercury-cadmidinride detector (MCT-B); each
spectrum was the sum of 128 scans taken with #@ution setting at 8 (3.857 chulata
spacing), using a single bounce, germanium crystéénuated total reflection (ATR)
accessory to probe the surface of the sample. K@&urements (Thermo VG Scientific
Escalab 220i-XL) were performed using a monochraitK a-source. Survey spectra
(1.8 eV analyzer resolution, 1 eV point spacingyva#l as high resolution scans (0.3 eV
analyzer resolution, 0.1 eV point spacing) werestakt the primary energy regions for
carbon (C 1s), silicon (Si 2p), oxygen (O 1s), flne (F 1s), and phosphorus (P 2p).
Elemental spectrum fitting was completed using alroercially available software

packagé’ that fits the individual peaks with a convolutioh Gaussian and Lorentzian
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line shapes after modeling the inelastic electrackground with a linear combination of
Shirley and polynomial functions.

Both XPS and FTIR confirmed that the depositioncpdures produced surfaces
containing the bound PFTS and mobile TCP layerspeetively. The XPS survey
spectrum shown in Fig. 3.11 of the PFTS coatingibcon and the TCP/PFTS layers on
silicon confirmed the presence all the expecteéasarspecies (silicon, carbon, oxygen,
and fluorine) except for phosphorus from TCP. Altbh peaks were evident in the P 2p
region between 124-144 eV, these could not conahisibe identified as phosphorus
since single crystal silicon substrates producsmta resonances that directly overlap at
the same binding energy. High resolution scanshef C 1s region determined the
presence of four peaks in both the PFTS coatingl@dombination PFTS/TCP layer on
silicon. Two of these peaks are characteristiswface carbon contaminants and the
other two are shifted to higher binding energigpical of two unequivalent carbon-
fluorine bonds, -Cfand -CEk. These latter peaks confirmed the presence oBRiflthe
PFTS-coated silicon and the combination PFTS/TGPBrkd silicon samples. No
chlorine was observed in any of the XPS spectisyragy that all of the unreacted PFTS

had been washed away.
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Fig. 3.11 High-resolution XPS spectra of the Cdgiaon taken of a) the bound PFTS
layer on silicon and b) the combined bound PFTSmaalile TCP coating confirmed t
presence of the carbon-fluorine bonding, indicatif’the C-k and C-E bonds present

PFTS. An XPS spectrum of the same region of cjrtbbile TCP layer deposited on

silicon showed minimal C-F bonding.
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FTIR spectroscopy of the bound-only PFTS coatirgashin Fig. 3.12 on silicon
with an uncoated silicon wafer as a reference fledeanly the phonon absorption bands
typical of uncoated silicon. Since the penetrati@mpth of the evanescent wave in a
single bounce Ge ATR accessory is approximately 300 the signal from the lattice
vibrations of the silicon substrate with its owrtima oxide greatly exceeded the signal
from the single monolayer PFTS coating (=3 nm thitlat possessed Si-O and C-F
bonding species [Ross Boyle, “FT-IR Measurement loferstitial Oxygen and
Substitional Carbon in Silicon Wafers”, Applicatiodote #50640, Thermo Fisher
Scientific, Madison, WI].

Thus, the signal of the PFTS monolayer did not @iona species that possessed a
distinct, strong infrared absorption profile to tdiguish it from the absorption of the
silicon substrate. Absorption peaks from the ulytteg silicon substrate were also
evident in the combined PFTS/TCP coating on silicblowever, the combination bound
PFTS/mobile TCP layer on silicon had numerous gtiissr bands from 1700 ¢~ 500
cm™. These peaks correspond directly to the expeattedrption bands of liquid TCP
Thus, FTIR spectroscopy verified TCP was in facpasted during the evaporation

procedure.
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Comparison of TCP/PFTS on Si
100 - to PFTS on Siand TCP
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Fig. 3.12 Using an ATR accessory, FTIR spectra weken of the combined bound
PFTS/mobile TCP coating on silicon (black) and PEn%ilicon (blue). The PFTS on
silicon showed on absorption phonons from the ugiohey silicon substrate. Comparii
these spectra to reference FTIR spectra of liq@® Tred), confirmed that the spectrum
of the bound PFTS/mobile TCP coating possessed aimo bands consistent with bc
TCP and silicon.

3.10 Alcohol Adsorption onto QCMs

The QCM samples, with silicon, aluminum or PFTSf@hum electrodes, were
placed into said vacuum chamber in fig. 3.7. Abate gases were then slowly leaked
into the chamber while amplitude and frequencytstaf the QCM versus pressure were
recorded. The saturated vapor pressures of eth@RE|, and pentanol are 45, 60, and 2

Torr respectively, so corrections to the amplita@shel frequency for gas damping were
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performed in advance of analyzing the data to abséip times. The pumpout of the
vacuum chamber post alcohol adsorption was alsdonpeed while the LabView
program was running. Calibration of the amplituld¢a was performed before each data
run by leaking high purity Ninto the chamber.

Ethanol and pentanol were obtained from Fisherrfiifie and trifluoroethanol
(TFE) was obtained from Alfa Aesar. To purify takeohols each of them was frozen
with LN in an enclosed vial connected to the vacuum chambter freezing they were
opened to the chamber and pumped on with the foubgp. The alcohols were warmed
to room temperature after closing the valve todih@mber. This distillation process was
repeated three times. Numerous data sets werectsallefor the various systems
examined here. Representative data sets for gathins are presented in the following

results section.

3.11 Electronics

The QCM in vacuum is electrically connected viad#arough to an oscillating
circuit outside the vacuum, specifically a Pierceci@ator circuit shown in Fig. 3.9
reproduced from{®. The circuit drives the crystal at its fundamémésonant frequency
by applying an alternating voltage to the electeodéthe QCM. There is a variable
capacitor, resistor, and inductor to tune the dircfhe variable capacitor was tuned to

maximize the output signal, the variable resistmtlled the power transferred to the
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QCM, and the variable inductor was changed to m#tehoutput impedance of the
circuit to a 50g load. The Pierce circuit is sfieally designed to oscillate a QCM at its

fundamental frequency only, i.e. no overtones.
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Fig. 3.13 shows the schematic of a Pierce Osdillztouit.

The sinusoidal output signal of the Pierce circnitnics the mechanical motion
of the QCM and has been shown to be proportiontiidbmotiofi’. Since the amplitude
of a MHz signal is not easily measured with prerisia mixing circuit was employed to
change the MHz signal to a KHz one. This mixingcwit, shown in Fig. 3.10 and

reproduced from®, was used with a stable reference QCM also dtwea Pierce circuit.
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The mixing circuit multiplies the two signals andam and difference signal is created

from the relation
ref exp

COSW;t COR), t:% coéwref+wexp)t+—; cc(suref—a)ex,)t 3.

A Low-pass filter was set in place to attenuate shm signal and pass the difference

signal.

reference
ascillator circuit

experimentai
oscillator circuit _|

lew pass
filter

Y

output = { - foyo

Fig. 3.14 shows the mixer circuit from the two sifgngenerated by Pierce circuits. The
low pass filter attenuates the sum of the two dgyaad passes the difference.

The mixed signal was sent to a frequency coumdra Keithley digital multi-
meter, both of which are connected to a laboratomputer through a GPIB card. The

capacitance manometer pressure heads were alseatednvia GPIB. A LabView
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program was designed to take these inputs eversesignds and output a six column text
array. An Origin program used this array to catelthe slip time as a function of
coverage. The program accounted for all of thellesrpreviously described in the QCM

derivation to accurately determine the slip time.
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Chapter 4: Alcohol Raw data

4.1 Alcohol Raw Daf¥

Fig. 4.1-4.9 presents raw data for the three alsobo PFTS, Si, and Al along

with their respective Ncalibrations. The calibrations shownRws. inverse amplitude

(1/A) are the upper plots, 1/A vs. the pressuretheemiddle plots, and the negative

change in frequency/f) are the lower plots.
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Fig. 4.1 shows the raw data for pentanol adsorbedRI-TS. The calibration is from
file: 6-20-07n2.txt and the pentanol uptake is ffiben 6-20-07 pent_PFTS.txt



14

1|  CasN2 Temp=S00K: Freqr8ES Hz -
- y=A+Bx; R=Cor. coeff.; S= standard deviation of B -
< 1 B=0.85602 S=0.01086 A=42.03272 R=0.99482
£ 10 i
o -
2 08 -
e o N2 calibration
x 06] e N2 calt

0.4 /!/'//.//

494 496 498 500 502 504 506
VA (ANV)

52.51

5201 |« Ethanol on PFTS]
S 51.51
:L 51.01
i: 50.51
500 - P

495

20 ] T T

15 |
~N
L 10
q<|_ 5 -/

0 . .

0 10 20 30

Pressure (Torr)

Fig. 4.2 shows the raw data for ethanol adsorbéd BRTS. The calibration is from fil
8-3-07n2.txt and the ethanol uptake is from fil8-87 EOH_PFTS.txt
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Fig. 4.3 shows the raw data for TFE adsorbed oRIS? The calibration is from file: 7-
20-07n2.txt and the TFE uptake is from file: 7-Z0FFE_PFTS.txt
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Fig. 4.4 shows the raw data for pentanol adsorinéal 8i. The calibration is from file: 1-
7-08n2.txt and the pentanol uptake is from fil&.-08 pent_Si.txt
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Fig. 4.5 shows the raw data for ethanol adsorbéd $n The calibration is from file: 1-
2-08n2.txt and the ethanol uptake is from file:-Q&@EOH_Si.txt
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Fig. 4.6 shows the raw data for TFE adsorbed ontd Be calibration is from file: 12-
21-07n2.txt and the TFE uptake is from file: 12@71TFE_Si.txt
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Fig. 4.7 shows the raw data for pentanol adsorinéal Al. The calibration is from file:

12-6-07n2.txt and the pentanol uptake is from fi2:6-07 pent_Al.txt
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Fig. 4.8 shows the raw data for ethanol adsorbéal Ah The calibration is from file:
12-11-07n2.txt and the ethanol uptake is from fil2:11-07 EOH_AI.txt
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Fig. 4.9 shows the raw data for TFE adsorbed ontolAk calibration is from file: 12-
14-07n2.txt and the TFE uptake is from file: 12AATFE_Al.txt

4.2 Results of alcohol adsorption after pumpout

The results from [80] were taken from the lealofrvarious alcohols from high
vacuum to their vapor pressures. Like many sdierdiscoveries an interesting result
was seen by chance. Hysteretic behavior for thakepof pentanol on PFTS and non-

hysteretic behavior with alcohol uptake on Si wased, as illustrated in Fig. 4.10 in

76



which coverage vs. partial pressure was plottedis keadily seen that the coverage

follows the same path on Si regardless of adsormiialesorption.

Pressure (Torr)

Fig. 4.10 shows the coverage vs. the pressuresfaiapol on an 8MHz PFTS QCM and
on a 5MHz Si QCM. Arrows indicate increase or édase of pressure. The results were
taken from the same runs as fig. 4.1 and 4.4.

Hysteretic behavior was also seen with the dissipatf pentanol on PFTS and
not on Si. This is plotted in Fig. 4.11 as theeirse amplitude (1/A) vs. the pressure in
Torr. All three alcohols on Si showed the same-hgsteretic behavior, but a dissimilar

result between the alcohols occurred on PFTS.
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Fig. 4.11 shows the non-zero endpoint for the changnverse amplitude for pentanol
on PFTS compared to the zero endpoint for pentam&i after the same amount of
pumpout time of 20 minute

Looking at TFE on PFTS has provided some insighd wwhy this hysteresis
occurs. The PFTS did in fact cause hysteresis thihuptake, but the inverse amplitude
returned to its original starting point after purapo The raw data for this interesting

result is apparent in Fig. 4.12 as time goes tmB0
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Fig. 4.12 shows the raw data for TFE on PFTS asmetion of time. Hysteretic behavi

is seen with the frequency but not with the amggtafter the vapor is removed as
indicated by the arrows. This data is the sanfeyad.3.

Results for ethanol and pentanol were repeatedi avitls a methanol rinse and
UV ozone treatment. The QCM was immediately plaicgd the vacuum chamber to
minimize contamination. Similar results to TFE BRTS were witnessed. Hysteresis
with the frequency of roughly a %2 monolayer on sheface after pumpout without any

net change in amplitude is apparent in Fig. 4.13.
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Fig.4.13 shows the raw data vs. time for ethandU®nOzone cleaned Si. It is clearly
seen that the frequency does not return to zetdhbuwissipation does. This data is
from file: 9-30-08 EOH_Si.txt

To analyze this data one must account for gas oeymgffects of the alcohol
environment to the amplitude and frequency of tli@&Vbefore any surface effects can
be determined. Knowledge of the critical viscogjty(viscosity when the gas and liquid
coexist at the critical temperatufg) and molecular weightl is needed to calculate the
dissipation that occurs strictly from the presente 3-dimensional gas to a QCM as
discussed in Chapter 3. In addition, the 3-dimamai liquid densitypsiq is needed to
calculate the thickness of an adsorbed monolayércarresponding frequency shift of

that layer. Table 4.1 lists these constants ferthinee alcohols studied.
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Table 4.1 List of constants needed for analysi@©M adsorption.

N (Poise) T (K) M (g/mol) Psiiq (glcn)

Pentanol 1.85310° 586 88.150 0.8144
Ethanol 1.49<10* 516 46.0684 0.789
TFE 2.7x10% 499 100.04 1.393

89B.P. Miller, J. Krim, J. Low Temp. Phys. 157, 22909).
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Chapter 5: Discussion of Alcohol Data

5.1 Analyzed Alcohol Dafa

The estimated monolayer mass per unit area forapehtethanol and TFE is
45.9, 36.2 and 68.6 ng/énrespectively. This corresponds to a monolayeyueacy shift
of 13.3 (5.2), 10.5(4.1), and 19.9(7.7) Hz, respedt, for an 8 (5) MHz crystal. These
estimates of the monolayer shift treat the molexakecubes using their molecular weight
and liquid density. In particular, pentanol ham@ecular weight of 88.150 g/mol and a

liquid density of 0.8144 g/ctn One can obtain the volume per molecule of pesitan

mol  0.8144 6.02% 18 molecules  1ém molec

88.15Q  lorft 1mol (1x10 A’ 180.%

Therefore, the thickness of a monolayer was detexchio bem =5.64A. The
thickness was used to calculate the mass per urel aof a monolayer
0, =5.64A0.8144 g/lcrh= 45.9 ng/d. Using the Sauerbrey equation from (3.2) and
multiplying by 2 to calculate the frequency shiftane monolayer of pentanol dioth

sides of a QCM. That calculation is shown for MH& (5MHz) crystal as

2BMHZ’ (5MHZ) (45.9 ng/crh
Af =20 =13.3H4 5.2H}
2.648 /cm3.34 10 cmd

The same calculations were performed for ethanwinigaa 46.0684 g/mol molecular

weight and a 0.789 g/chliquid density to obtain a volume per molecule of
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97.0 A /molecul¢ and a thickness of 4.9. The correlated mass per unit area and
frequency shift of a monolayer of ethanol is 36g2Zcm2 and 10.5(4.1)Hz, respectively.
The values used for the molecular weight and ligiedsity of TFE were 100.04 g/mol
and 1.393 g/cm3, respectively. The resulting théss, mass per unit area, and frequency
shift for a monolayer of TFE was calculated to 1224 , 68.6 ng/cm2, and 19.8(7.7)Hz,
respectively.

The presence of a 3D gas has an effect on thedneguand amplitude of the
QCM as shown in Chapter 3, specifically equatio8)&nd (3.12). To determine the
effects of the adsorbed layer the gas damping tsfi@cst be subtracted out. A sample
calculation for this subtraction was performed gdime ethanol at 10 Torr. The viscosity
n is a function of temperature, so at room tempeeajus a constant. Using the critical
viscosity for ethanol ofjc = 1.49x10" Poise at the critical temperature T 516K, one
can extrapolate the viscosity at any given tempegaising

5.1
= (

c

jo.m o.2€T%j

N <Tc)=rzc(1

For T=300Kn = 7.7x10° Poise. Using the ideal gas law and the conversimeen

Torr and dyne/cf(cgs units) the mass density is calculated atdr® df ethanol to be

1333P (TorryM ( g/mo) _ 133310746.0684 ,, , 15 G
Ry.s T(K) 8.314x 100300 ch

where M is the molecular weight. The value for tiesistanceR of a gas at high

pressures on a QCM was shown in equation 3.10. edery the viscoelastic effects of a
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gas at low pressures must be dealt with sinceitie for the excess particle momentum
to relax is on the order of the oscillation period@his relaxation time is an important
guantity obtained from the mean free pathAgain, an example of ethanol at 10 Torr is

used. This effect changes the valu&®dlfy

W | hetsaf, (5.2
1+(wr,) (r,)
The quantityr; is determined to be
8R..T
=104 =t 1y =[P (5.3)
Vag J2mr d?n, ™

wherev,yg is the average velocity of a particle at a givemperatured is the diameter of

the moleculep, is the particle density ané is the molecular weight. The relaxation
time comes tor, = 8.93x1¢ s resulting in a resistand® = 0.14 g/crfys. This gas

damping was subtracted from the total dissipatibtaioed from the inverse amplitude
resulting in damping from the adsorbed layer. @iliph the effect was small, gas
damping was also performed for the correction ® fiequency. Fig. 5.1 shows the
correction to gas damping effects. The gas diisipat 10 Torr was observed to be

equivalent to the calculate® value of 0.14 g/ cffs. Taking the value foR and

multiplying by 4 from eq. (3.8) will equal
q-q
1 4
ol = |= .14 g/cn /s 2.8 10
Q) 2mBMHz[2.648g/cm]0.033cm
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This value for the change in inverse quality fagsoequivalent to the red gas damping

line in fig. 5.3 at 0.22 P{P

1.8 . T . . . ; . ,
1.6 .
1.4] = totaldis ]
1] gasdis
2 1.0] ]
E <4 <4
o 0.8 *" ]
s 0.8 mr 1
~ 0.6 [~ .
X o, ~ 1
0.4 -
0.2 .

00>~ 0000000
0O 10 20 30 40

Pressure (torr)

Fig. 5.1 shows the total dissipation of ethanol oal&g with the gas damping curve.
The excess dissipation is attributed to slippagiefayer. This is taken from fig. 4.5.

Fig. 5.2 presents data for the three alcohols omSPEBMHZz) including the
adsorption isotherms as the negative change infribguency versus the pressure
normalized to its vapor pressure, £/Hhe lower graph in fig. 5.2 shows the dissipatio
from the adsorbed film and the damping from theaurding gas.

The lines show the contribution from gas dampargj the data points show the
total dissipation. On PFTS it is apparent thatda& points for TFE line up with the
theoretical gas damping line, indicating no medderanterfacial slippage of the
adsorbed layer and a zero slip time. Pentanolesingnol both have excess dissipation

from the adsorbed layer and thus a measurablérsig
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Fig. 5.2 Pentanol, ethanol, and TFE frequency aradity factor shift vs. partial pressure
for uptake on PFTS. The lines show theoreticatrdmutions to the gas damping from
the vapor phase. Excess dissipation is attribist@dterfacial friction from the adsorbed
sliding layer. This is taken from fig. 4.1-4.3.

Fig. 5.3 depicts the raw data for the three alcelool Si. The isotherms on the
5MHz crystal have characteristic knees indicating tormation of a monolayer. The
knee at 4Hz for ethanol corresponds very well ® ttheoretical value, and the knee at
7Hz for TFE also corresponds well to the theorétredue. Since the pentanol molecule

is long and straight, the theoretical estimate ofanolayer may be less precise. On the
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lower graph there is an excess of dissipation émheof the alcohols corresponding to a

measurable amount of slip time.
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Fig. 5.3 Pentanol, ethanol and TFE frequency araditgfactor shift versus partial
pressure for uptake on Si. The lines show theaetientributions to the gas dampi

from the vapor phase. This was taken from fig-4161

Plotted in Fig. 5.4 is the raw data for the thre®laols on Al. The isotherms on

the 8MHz crystal show considerably more uptakelfeE than pentanol and ethanol, and
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there is significantly more uptake for each alcotmhpared to the other substrates. On

the lower graph neither pentanol nor TFE slipslwhbise to their vapor pressure.
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Fig. 5.4 Pentanol, ethanol and TFE frequency simiét quality factor shift versus partial
pressure for uptake on Al. The dotted lines shawtétical contributions to the g
damping from the vapor phase. The theoreticalieegy shift for a 8MHz QCM for
these alcohols are 13.3, 10.5, and 19.9Hz, resedeti This was taken from fig. 4.7-4.9.

The slip time from eq. (3.22) is now measurablengghe change in inverse
quality factor and change in frequency fqu(Q‘l)= -4 . Fig. 5.5 presents slip time

as a function of film coverage for the various sys$ studied from fig. 5.2-5.4, corrected

for gas damping effects in advance of determinlmgdglip time values. The measured
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frequency shiftaf was corrected to the frequency shift of a rigidttached layedf m
according to

Af =Bl (5.4)
1+(or)’

thus giving a more accurate calculation of film emge normalized to the theoretical
frequency shift of one monolayer. On PFTS, bothtaeol and ethanol have significant
non-zero slip times compared to TFE. This may tebatable to an incommensurate
interface with pentanol and ethanol and a more censurate interface with TFE making
TFE less mobile than ethanol or pentanol. Inteshaking motion of the SAMs layer
cannot be ruled out as a response to gas uptdier itaian a pure slipping motion. The
additional dissipation present, however, does mtdican additional degree of system

mobility in either case upon condensation of tha.fi
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Fig. 5.5: Sliptime versus monolayer coverage coeaby (5.4) for the various systems
studied.

A droplet of each of the alcohols were placed @a#®FTS coated Si wafer and a
UV Ozone treated Si wafer to look at wetting quaiitely. Fig. 5.6 shows the pictures of
these droplets. They each have a smaller contete @n Si compared to PFTS. TFE
had the smallest contact angle of the alcohols BRSP and pentanol had the largest
contact angle on Si. The contact angles do nahdeehave a direct effect on the slip

time or diffusion coefficient, but each contact knig less than £5ndicating wettability.
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b)

Fig. 5.6 shows the contact angle for a Si wafer)(kid a PFTS wafer (right) for a)
pentanol, b) ethanol, and c) Tl

5.2 Discussion of Alcohol Dath

The data was first examined from the viewpoint ofifiusive film spreading
treatment of Brenner or Widom, and then from theywioint of diffusing islands. Table
5.1 presents slip times and spreading diffusiorffiotents for the alcohols on the three

substrates at a coverage of one monolayer. Theading diffusion coefficients, which
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are proportional to the slip time, are calculatsohg eq. (1.12) and (1.13) and range from
0.1 to 9 cri¥s for the non-zero cases. The values are mudhehithan self-diffusion
values of individual molecules, but quite consisteith the Brenner model numerical
result that the refilling rate of an area scratcfred of lubricate is orders of magnitude
different from the self-diffusion coefficient oféhmolecules that comprise the film. TFE
and pentanol on Al and TFE on PFTS show a valueeds for the spreading coefficient,
or at least below the detection limit of the QCMRentanol and TFE show similar
spreading coefficients on Si while ethanol exhibiigher values. Although TFE shows
no mobility on PFTS, since PFTS is scraped offribotogical contact, the TFE might
lubricate the silicon layer directly since mobilityindicated in this case.

Table 5.1: Summary of slip time and diffusion caséint parameters at one monolayer

coverage obtained from the QCM adsorption isotheata. The slip times are obtained

from Eqg. (2) and (3), correcting for gas dampifidne quantityDs is the film spreading

diffusion coefficient obtained from eq. (1.12) giidl3) employing the slip times listed
here for monolayer coverage. Non-zero values indibah levels of sideways flow are
possible if sufficient supply of film material igarby. The quantitd; defined by Eq. (€

is listed for hypothetical islands of the variolisohols of size (0.1um)?, indicative of

the self-diffusion rate of individual islands. $t¢éonceivable that lubrication may occur

via this mechanism at very low coverages, wherenti®mn of a spreading pressure fc
complete monolayer is not applicable.

PFTS Si Al

Ds Di Ds Di Ds Di
ns | cmfls | cmfls ns | cmfls | enfls | ns |cmfls | cnfls

Pentanol 6 1.2 | 5x10| 6 1.1 5x10 | 0 0 0
Ethanol 4 1.1 | 4x106| 8.5 9 1x10 | 0.5 0.1 | 6x16
TFE 0 0 0 35 1.3 2x10| O 0 0
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To place the results in context, and to apply tlenBer criterion for contact
replenishment, consider a typical MEMS tribometer, a silicon MEMS devices with
rubbing contacts fabricated exclusively for studiésliding contact. The estimated area
of contact in this device is typically dm? = (10* cmY, or less, depending on surface
roughness, with a maximum operational frequenc}08Hz. The removal rate parameter
defined in Brenner's multiscale approachfigd. = (100Hz)(10'cmf = 10° cnf/s.
Complete filling of the area scraped free shoukhthequire a self-diffusion coefficient
that is 1000 times or more greater, of*1@f/s, which is realistic for these systems.
Alternatively, Ds from the QCM adsoption data ranges from 0.1 - §/sror the non-
zero cases, which is in all cases large enougkfith the gap at the rate of focnf/s.
These conditions imply mobility that is more thaiffisient for each of these alcohols to
replenish areas scraped free of the lubricantohlyt if a sufficient supply of thicker or
compressed liquid is present. Indeed, vapor phggenishment of the film appears to
be necessary for cases of pentanol lubricationliobs: when the gas phase is removed,
the sample rapidly fails. It is conceivable thatadithe mobile lubricants will effectively
lubricate a MEMS device, and that the variatiorthair respective spreading diffusion
properties and slip times will only be manifested temperatures other than room
temperature.

Also listed in Table 5.1 are “island” diffusion efficients obtained using eq.
(1.11) employing the experimentally obtained slipes under the supposition of (0.1

um)? islands, i.e. islands who edge length is aboenthtof that of the contact zone in a
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MEMS asperity contact. This specific value foarsd size was postulated since only one
island would be needed to diffuse into the contaela for lubrication to occur. The
values were calculated f& = kg T/(mN)= kg T/(0:A), from eq. (1.11) setting A = 18
cn? and employing the spacing of molecules in theni$lto be the same as that in the
monolayer (45.9, 36.2 and 68.6 ngfcrespectively for pentanol, ethanol and TFE).
Realistically, islands could be smaller and thevald be more than just one island, but
this estimation is purely to compare values ofadéht diffusion coefficients. Be advised
that the slip time value is an average value ferahtire surface, so some islands could be
diffusing at a higher rate than the calculated &slshown in table 5.1. These values are
much lower than the values BE, but it remains conceivable that lubrication maguwr

via this mechanism at very low coverages, wherentiten of a spreading pressure for a
complete monolayer is not applicable. This medhaniwhich appears strongest for
ethanol films on silicon, but still viable for pamol and TFE, is entirely distinct from
that of a monolayer spreading back into an ardavefiilm density, as it does not require

a large reservoir of material of higher density.

5.3 Discussion of Alcohol post-pumpout

The results from Fig. 4.10 was the first insighaoSAM acting as a sponge or

ballast holding onto the alcohol and possibly beingeservoir for lubricant to diffuse

from and into the contact region. Since TFE wande be immobile on the surface of
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PFTS, it follows that even if TFE were to stay athed to the surface after pumpout
occurs, TFE would not be able to diffuse anywheiEhis was clearly witnessed on
multiple occasions on multiple crystals. Therefot@ PFTS-coated MEMS device was
dosed with TFE, it would not be able to sustairritdiion since the diffusion coefficient
would be zero.

The low slope in the isotherms of the Si data dicative of a weakly attracted
adsorbate to the surface. This weak attractionldcdoe due to a heterogeneous
hydrocarbon layer previously adsorbed to the serfdowering the attractive
physisorption potential. This prompted more stad@ a Si surface limiting the
possibility of a heterogeneous hydrocarbon lay&higher initial slope in the adsorption
isotherm was witnessed indicating a higher attoactvith the substrate, but a different
behavior was seen during the pumpout. Despitenéve hysteretic behavior of ethanol
and pentanol adsorption on Si, hél/Q) returned to its original value. Since thefate
of the QCM is not perfectly flat (and neither iS&EMS contact) the alcohols could be
adsorbing to areas of higher potential wells (gfects). This would explain why there
is no slippage after most of the layer was remowathen the vapor is removed from the
environment, lubrication of a Si MEMS device withdlbe SAM would not occur despite
the alcohols ability to stay adsorbed to the s@rfdee to the lack of surface diffusion.

The island diffusion coefficienDs calculated in table 5.2 show a drastic
difference between Si vs. PFTS surfaces and TFpersganol and ethanol. The values

of Ds for the non-zero cases are more than an ordelaghitude larger than the removal
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rate parameter of calculated for a MEMS devicedctisn 5.2. It is possible that these

islands of ethanol and pentanol on the surfaceddoibricate a MEMS device via surface

diffusion even at low coverages and with no vapptenishment.

Table 5.2 shows the slip time for each case dfteralcohol was pumped away.

Also computed were the values of the island diingsoefficientdD; similar to table 5.1.

Table 5.2 shows the values for coverage and digsipafter the vapor has removed and
the data has reached a steady value. The slipisicaculated frond(1/Q) = 4o f
and the island diffusion coefficients are calcudagemilarly to table 5.1.

Si PFTS
mono- | &(1/Q Di mono- | 3(1/Q Di (cn/s)
layers | x 107 || (ns) (cné/s) | layers | x 107) T (ns) x 10°
Ethanol 0-% 0 0 0 o 15 4 4.5
Pentanol 0-% 0 0 0 Yo 35-5 6-9 5.2-7.9
TFE 0 0 0 N/A 3 0 0 0

8 B.P. Miller, J. Krim, J. Low Temp. Phys. 157, 229(9).
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Chapter 6: TCP Results and Discus&fon

6.1 TCP Results of manuscript in preparation

All samples were prepared in an identical mann®&GSU by myself and then
distributed to the various measurement sites, kegghie QCM samples at NCSU for in-
house measurements also taken by myself. Raw Q&dfdr TCP on Si and PFTS/Si is
shown in Fig. 6.2 for a representative set. Ataw; data for TCP on Al and PFTS/Al is
shown in Fig. 6.3 for a representative set. lidthde noted that the frequency shifts for
Al and Si cannot be compared to one another simieédk QCMs are 8MHz and the Si
QCMs are 5MHz. A samplej¢alibration is shown in Fig. 6.1 that depicts itheerse
quality factor shift (obtained from the pressuréadareviously shown in chapter 5) as a
function of inverse amplitude shift. Since thddaling TCP adsorptions will have no
effect from a surrounding vapor, the relaxationeticalculation (from eq. (5.2)) goes to 1
at high pressures. Hence, this calibration watpeed at pressures from 100 -500 Torr.
Multiplying the slope of 4.0410" to future shifts in the inverse amplitude can pplied

for this particularly tuned QCM to obtain inverseatjty factor shifts.
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Fig. 6.1 shows the nitrogen calibration for the 8MBICM used in fig. 6.3. The slope of
the best fit is the proportionality constant fotuie shifts in the amplitude to be
converted to the change in the inverse qualityofacTaken from file: 3-19-07 n2.txt
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Fig. 6.2 shows the raw data taken with a 5MHz QGM®@P adsorbed to PFTS/Si anc
substrates. The slope is proportional to theisligt Taken from file 5-27-07
TCP_PFTS.txt and 6-25-07 TCP_Si.txt
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Fig. 6.3 shows the raw data taken with an 8MHz Q&M CP adsorbed to PFTS/Al and
Al substrates. The slope is proportional to thgtishe. Taken from file 3-19-07
TCP_PFTS.txt and 2-26-07 TCP_Altxt

Analyzed QCM data illustrated a sample run of T@Pooe of each of the four
substrates (Fig. 6.4). The graph displays thergevguality factor of the QCM vs. mass
per unit area adsorbed to the surface, where tpe skas proportional to the slip time.
In Table 6.1 are the average slip time and coverégeeach of the experiments. One set
for TCP on SiQ and TCP on PFTS/SQvas performed. Six deposition runs of TCP on
PFTS/Al and two deposition runs of TCP onto Al walgo performed. The slip time of
TCP on SiQ set was in very good agreement with Neeyakorrsaltef TCP on silicon
possessing a native oxfde The slip time of TCP on PFTS/Si@nd TCP on PFTS/AI
should theoretically be equivalent and were, irt,fat acceptable agreement of 42.3%

percent difference. The smaller slip time on PRATSbuld be attributed to a rougher
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substrate before PFTS deposition. Both showed #igime than TCP on their
respective sublayers.

Table 6.1: Summary of experimental results of T@#pmg on four different substrates.
The thicknesses are labeled in units of monolayers.

Si PFTS/Si PFTS/AI Al
thickness | 1 (ns) | thickness | t(ns) | thickness | t(ns) | thickness | 1 (ns)
TCP 3 0.90 3 0.26 4 0.1% 3 0.95
6 N T N T N T T T T T T T T
TCP on
o PFTS/Si .
= Si
4] | » PFTSIAI } H
Y s Al
o
N }
I IR
S } —
<ﬂ } LJ; | l§

1(|)0 150 2(|)0 2|50 3(|)0 ' 350
mass (ng/cm2?
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Fig. 6.4 Analyzed QCM results of TCP on Al, PFTS/8I1, and PFTS/Si converted to
mass per unit area and the change in inverse ytaditor. The slope is again
proportional to the sliptime. The error bars shibe/standard deviation of the data to
best fit line. All results exhibit a non-zero giipe indicating mobility.

AFM friction testing was performed using a singlp to facilitate friction
comparisons between samples and tests. Firsyrdoading friction experiments were
performed on the PFTS coated Si wafer and wereategeat another location on the

wafer. Then, the sample was exchanged, and soadinlg friction experiments were
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performed on the TCP/PTFS coated Si wafer and vegreated at another location on the
wafer. Finally, six unloading friction experimemn&re performed on a new location on
the initial PFTS coated wafer. Typical plots dtfional force vs. normal load for one
test (Fig. 6.5) showed that TCP increased adhéaiuth therefore the total applied 184d
compared to the PFTS layer alone. This increasslbésion was attributed to capillary
effects of a liquid TCP layer in the tip-sample am. The slope of the averaged linear
fits correspond to the approximate friction. Hadotfor the first two locations on the
PFTS coated samples was 0.30+0.03 and on TCP/Péai&dcwafers, 0.13 £ 0.01. After

returning to the initial PFTS samples, the frictamefficient was 0.20+0.04.
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Fig. 6.5 Three characteristic AFM scans in latésede mode showing a lower
coefficient of friction with the mobile lubricantgsent. The bound with the TCP coated
tip shows the mobility of the TCP to transfer te hFM tip and continue to lubricate a
bound-only specimen. Data recorded at NCSU by Blatkman. Samples prepared by
myself at NCSU.
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Microscopic friction experiments did not resultmeasurable differences between
the friction of diamond against uncoated siliconl aflicon coated with both PFTS and
TCP layers; average friction coefficients were shene, ~0.075, within the measurement
error. The average friction coefficient for bodmples decreased from ~0.09 to ~0.075
by cycle 10 and was stable for the remainder oteébe

Reciprocating macroscopic sliding experiments a&a repeatable differences
among uncoated silicon, the PFTS layer, and the/FEFS layer shown in Fig. 6.6 with
an amorphous AD; (sapphire) counterface. The average friction foadeht for
uncoated silicon began at ~0.24 for eight cycleBpied by an immediate increase in
friction coefficient to 0.55-0.65 for the remainiegcles occurring concurrently with the
generation of significant wear debris. The averaiggon coefficient of the bound PFTS
layer began high at 0.5, and by cycle 2 was grettan 0.8, combined with the
generation of debris. However, the average factoefficient for the TCP/PFTS was
less than 0.2 for between 30 — 80 cycles befoneasing to ~0.5 with the generation of

wear debris.
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Fig. 6.6 Typical reciprocating macroscopic friction resditsm uncoated silicon (red), t
bound PFTS layer on silicon (black), and the comtiMCP/PFTS coating on silicon
(green). Data taken by Nimel Theodore at NavakEResh Laboratories (NRL). Samp
prepared by myself at NCS

To better comprehend the frictional differenceshi@ bound and mobile coating
observed in microscopic and macroscopic testinge@arate macroscopic experiment
was executed to examine the effect of increasiagrthan Hertzian contact stress. Loads
of 0.5 N, 1 N, and 2 N were applied to a sapphirenterface to produce mean Hertzian
contact stresses of 0.35 GPa, 0.44 GPa, and 0.56 i@§pectively shown in Fig. 6.7.
Values used for sapphire and silicon of the Young&dulus were 400 and 160 GPa,
respectively, and of the poisson ratio were an@® @2 0.27, respectively. With a 0.56
GPa mean contact stress, the average frictionaseckfrom 0.27 to 0.55 within 5 cycles.
With a 0.44 GPa mean contact stress, the frictemained below 0.2 for 10 cycles,

increased sharply to 0.55 during cycle 11, but tremovered to below 0.2 for 15 more
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cycles before incrementally increasing up to 0.80ith a 0.35 GPa mean contact stress,
the friction remained low for 40 cycles before mmentally increasing similarly to the

previous test.

_ Friction of TCP/PFTS on Silicon

0.7 at various contact stresses
1|—— 540 MPa
0.6 |—— 430 MPa (
340 MPa

0.54 “

0.4+
0.34

0.2

Average Friction Coefficient

0.14

0.0 T T
1 10 100

Cycles

Fig. 6.7 Typical reciprocating macroscopic fricti@sults from the combined TCP/PF
coating on silicon as the average Hertzian corsi@ess is increased by raising the
applied load from 0.5 N (blue), to 1 N (red) an 2black). The number of cycles at
low friction (< 0.2) decreases from about 80 cy@e840 MPa to 15 cycles at 430 MPa
to O cycles at 540 MPa. After possessing highiéncfor ~10 cycles, the friction during
the 430 MPa test does recover to low friction foraalditional 15 cycles before
ultimately remaining at high friction. Data takleyn Nimel Theodore at NRL. Samples
prepared by myself at NCS

6.2 Discussion of manuscript in preparation

Adhesion and poor tribological properties lead twrsened MEMS device

lifetimes, which limit their reliability and utift. ~Currently, one way to minimize
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adhesion during the fabrication of MEMS is the #éiddi of a SAM layer to the silicon
surfac&®. Others have tried to lower the friction and wedrile increasing device
lifetimes with that same SAM layer. However, ouFM and macrotribometer results
showed that a SAM, PFTS, alone does not providewa ftiction and wear contact,
agreeing with Hook’s conclusi8h AFM results determined a high friction coeffitief
0.30 up to its load limit of 4 nN. Macroscopic teeshowed that PFTS had worse
tribological behavior as uncoated silicon. Thetfan of PFTS was greater than 0.5 from
its onset with the formation of debris in the wesank; uncoated silicon had friction lower
than 0.5 for 8 cycles before the generation of idebr

The addition of a lubricant to a SAM can potenyialcrease the tribological
performance by decreasing friction and wear oMenger period of time than without it.
Our AFM and macroscopic tribometry results suppbrtieis claim despite the AFM
measuring an increase in adhesion. The x-intescéptm the AFM data (Fig. 6.5)
showed that adhesion from the PFTS layer was appat&ly 0.5 nN, and the addition of
TCP to PFTSncreasedadhesion to 2 nN. The PFTS layer had a highidnatoefficient
of 0.30, calculated from the slope of lateral foveesus normal force plot anddacrease
in the friction coefficient to 0.13 with the additi of TCP. Therefore, the mechanism for
friction reduction by the addition of TCP is notedto a decrease in adhesion. Since
adhesion is a failure mechanism in a MEMS devioe ideal amount of TCP, which will

lower the coefficient of friction but limit adhesiphas yet to be determined.
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In the macroscale reciprocating tribometry teststiom PFTS layer on silicon,
friction was high (>0.5) and significant siliconldes was generated quickly, similar to
tests run on uncoated silicon. The addition of T@®&wvever, protected the underlying
silicon substrate and reduced friction for the kestgoeriod of time for all of the surface
treatments examined here. Thus, these macro-seate confirmed that TCP is a
lubricant that lowers friction and wear.

Krim et al. have shown that favorable macroscopimlogical properties from a
mobile lubricant corresponded to a non-zero sliptiralue on a QCM; poor macroscopic
tribological properties occurred when QCM sliptimalues were zef6® Our QCM
measurements determined that TCP possessed a moslipime on PFTS, and so TCP
may in fact be mobile on the surface of PFTS, wischpplicable to MEMS that require
high frequencies of oscillation. One example sfritobilty was that the final PFTS data
set in the AFM experiment had behavior similarte TCP/PFTS set despite no TCP
present on the sample. This effect was attribtdelCP transferred to the AFM tip from
the TCP/PFTS sample, which resulted in lower foictivhen that same tip was used on
the previous PFTS surface. This transfer of T@Pnfisample to tip also exhibited its
mobility. Another example of mobility was in theanable load macroscopic test.
Specifically, the test at 0.44 GPa demonstratetittieaTCP/PFTS could in fact heal itself
to low friction after exhibiting high friction. Tk replenishment indicated that TCP was
transferred from an area of high to low lubricam@entration suggesting mobility. With

mobility TCP could move into a region that was vdpéear of lubricant.
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To quantify the effect of mobility, Brenner’'s lubation model was used.
According to Brenner’'s windshield wiper model, tls¢eady-state center lubricant
concentration is a function of three parametems:ctintact area, frequency of oscillation,
and diffusion coefficient. For a MEMS device, upia 1 pm® contact area and a
simulated diffusion coefficient of 62.4x2@nf/s for TCP on a SARf, the steady-state
center lubricant concentration of TCP on PFTS wa%,5assuming that 10% of the
lubricant was removed per stroke and that the mamiroscillation frequency was 1000
Hz. The contact area is an integral part of thagleh and as that value increases, the
steady-state center concentration of lubricant deitrease to an amount insufficient for
favorable tribological performance. Our resultpmurted this claim to a certain extent.
When the loads during macrscopic tests were inanéatlg raised — thereby increasing
the applied contact area and stress — while holtiegscillation frequency and diffusion
coefficient constant, the protective and lubricgtiperformance of the combined
TCP/PFTS layer deteriorated, corresponding to a llemasteady-state center
concentration of TCP as predicted by the model.

However, comparing the tribological results frone tifferent length scales did
not corporately fit into the model. The oscillatirequency and the diffusion coefficient
could be the same despite differences in lengthestizge those in an AFM,
microtribometer, and macrotribometer. If these galare fixed, the sole parameter
controlling lubricant replenishment and therefoine tribological properties is contact

area. Hence, according to this model, macrosctgsts which utilized a counterface
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almost 3 orders of magnitude greater than the mompic tests and almost 5 orders of
magnitude greater than the AFM should have posgdsse“worst” friction properties.
However, our results showed better tribological pprties of TCP on PFTS in
macroscale tests than in microscale tests whestofni was the same on TCP/PFTS and
PFTS by itself. Moreover, the average contacsstod the microtribometry tests was 2
GPa, whereas the mean contact stress for the mhboroetry tests was only 0.34 GPa.
These results showed that the bound PFTS and mbBRecoatings may not be effective
in a high contact stress environment at these hescgiles. However, despite applying a
similar maximum mean contact stress in the AFMstési8 GPa in the AFM compared to
2 GPa in the microtribometer), the friction of th€P/PFTS layer was lower by a factor
of 2.5 compared to that of PFT3n the case of TCP/PFTS with the AFM, the Brenner
model explains why lubrication occurs at the naateswia surface diffusion. Using a
frequency of oscillation of 1Hz, a liberal area B300nn%, and the same diffusion
coefficient of 62.4x18 cnf/s, one can obtain éiparameter on the order of 401n this
case the surface diffusion of TCP on a SAM is nibesm enough by orders of magnitude
to replenish a 1Hz contact in an AFM.

Since the friction measurements of TCP on PFTS froithmeter, micrometer,
and nanometer dimensions produced results sortembact stress, we propose that in
general, the contact stress along with the corredipg contact size should be accounted

for when characterizing the tribological propertidsubricants at different length scales.
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Table 6.2 summarizes the results of these studleé-) indicates friction was lowered,
and a 0 indicates friction remained constant withdddition of TCP to a PFTS contact.

Table 6.2 summarizes the length, time, and pressiales at which the data was
recorded with the result of the addition of TCRHe PFTS layer.

QCM AFM Microtribometer| Macrotribometer
Length scale atomic nm pm mm
Contact frequency N/A 1Hz 0.5Hz 0.2Hz
Contact pressure N/A 1.8GPa 2GPa 0.35GPqg
Friction with B B 0 B
addition of TCP

6.3 Results of macroscopic reciprocating tribomegsts of TCP on Si

Additionally, QCM tests shown in fig. 6.4 measur@cigher sliptime for just
TCP compared to TCP/PFTS on aluminum and silicadeox Higher QCM sliptimes
indicate greater mobility that is also proportiot@k higher diffusion coefficient. Thus,
according to the model, TCP without the presencélBTS would possess the same
steady-state center concentrations even at higtwitadion frequencies, and so it could
lubricate even better than the combined TCP/PFT&irap So, the push and pull of
mobility and adhesion of TCP alone on silicon wasestigated.

Some preliminary reciprocating tests of TCP on (®ithout PFTS) were
performed with a sapphire counterface, similarigo 6.6, showing no wear formation or
high friction events up to 1000 cycles. Thesepeating tribometer and QCM results
prompted more work investigating the mobility of F@Gn Si. Fig. 6.8 shows the friction

results of a silicon counterface on TCP deposit@d a bare Si wafer varying with load.
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The results did not show a clear regime where ¢albion occurred below a certain

contact stress and lubrication did not occur alsard contact stress. However, there was
a definite trend showing a higher probability afdee at larger contact pressures. These
results were repeated for different monolayer cages (2 — 25 monolayers) and showed

no dependence.
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Fig. 6.8 shows the coefficient of friction (COF) faarious normal loads of a Si
counterface reciprocating on a Si wafer depositithl WCP. Any COF above 0.25 was
characterized as failure showing clear wear debirfss data was taken by myself at
NRL and prepared by myself at NC¢

TCP-coated Si counterfaces on TCP-coated Si watere used in Fig. 6.9 in
contrast to a bare Si counterface. These resultentrast to Fig. 6.8 show a higher and

more clear cutoff point where lubrication ceasesotzur for normal load of 1N
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(corresponding to 0.35 GPa Hertzian contact stress)addition, similarly to Fig. 6.8

there was no dependence on lubricant thicknessinange studied.
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Fig. 6.9 shows the coefficient of friction for T@®ated Si counterfaces on TCP-coated
Si wafers at various loads. All COF below 0.2 wearacterized with no noticeable
wear. This data was taken by myself at NRL anggned by myself at NCSU.

An optical image shown in Fig. 6.10 depicts theteack of a failed test of TCP
on Si. Noticeable wear can be seen at the entleofraick, and wear scars are visible
inside the track. Wear debris and scar are alsiblgi on the silicon counterface. Fig.

6.11 shows an optical image of the successful, dveartrack of a 1000 cycle test.
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Fig. 6.10 taken at 10X shows the wear track ofladdest. Wear scars can be seen
inside the track, and debris is easily seen ag¢titkof the track. This image was takel
myself at NRL with a sample prepared by myself @3\W.

Fig. 6.11 taken at 20X shows the wear track of @1€ycle test in which the COF stay
below 0.2 for the entire test. The absence of ugealearly seen, but dewetting inside
and outside the wear track is observed. This imeagetaken by myself at NRL with a
sample prepared by myself at NCSU.
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6.4 Discussion of macroscopic reciprocating tribteneests of TCP on Si

To make a connection with surface diffusion todpng MEMS effectiveness
one must isolate surface diffusion. The first &ake is the contact stress. There was a
clear dependence on contact stress shown in Fig. &eeping the Hertzian contact
pressure below that critical range of 430 MPa et direct comparison between a
TCP/Si contact and a TCP/PFTS contact. Two differeormal forces were used to
produce the same Hertzian contact pressure fambelifferent counterfaces due to their
differing Young’s moduli. The result that TCP lidates Si better than PFTS is
consistent with both counterfaces. Two separatts teere witnessed with a sapphire
counterface having indefinite failure times on aPT8i substrate similar to Si counterface
on TCP/Si. Conversely, two results showing failbetbow 100 tests were witnessed with
a Si counterface on a TCP/PFTS substrate similaapphire counterface on TCP/PFTS.
Calculating the removal rate paramdté; from Brenner's model requires knowledge of

the area of contact. Hertzian contact radiyias calculated using

b 2 12
=(3FNRJ 1 _1-v 1-v, 6.1

AE* B E FE
Fn is the normal forceR is the radius of curvature of the counterfdeejs the combined
Young’s moduli for the two contacts, amdis the respective Poisson ratio. A 2mm track

with a 4 second period yieldsA. = (0.5Hz)(1.42x108 cnt) = 7.13x1¢ cnf/s using a

sapphire counterface at 0.5N load. Using the sdiffiesion coefficient from section 6.2
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of 62.4x10° cnf/s for TCP on a SAM, one obtains a scaling paran®@tf 1.14x10%.
For a Si counterface at 1N load one obtains 1.43xi€f/s (due to a larger area of
contact) for the removal rate parameter and 2.18>xctf¥/s for the diffusion coefficient
from an increase in the slip time by a factor d.3.This yields arS parameter of
6.64x10° cnf/s. For 100% of the lubricant removed per strokstemdy state center
concentration of 86% and 75% for TCP/Si and TCP&K&spectively.

These values are very high and could potentialliolaer with a smaller value for
the diffusion coefficient. It was seen in a modgleffort of TCP on a defected SAM that
the TCP had a propensity to remain near a d&fett a real life situation the surface of a
SAM cannot be more uniform than the model, so thaa diffusion coefficient could be
smaller. These center concentrations could alstower with a higher frequency of
oscillation. The nature of a reciprocating tribaeneloes not keep the frequency between
contacts constant. When the counterface reackesnidipoint it returns instantly making
the time between contacts near the endpoints marger than the middle. This could
account for the larger calculated center conceatrat Those values of TCP/Si vs.
TCP/PFTS are also not drastically different frorsreather, but that difference is offset
due to the larger area of the Si/Si contact comp&wethe sapphire/Si contact. Despite
the larger removal rate parameter with the Si/Sitact, the larger diffusion coefficient
for TCP/Si is large enough to overcome that difieee and therefore possess a larger
center concentration enabling longer lifetimes withthe presence of PFTS due to a

higher mobility of TCP on Si than PFTS.
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The dewetting inside and outside the wear track $ed~ig. 6.11 is a concern
regarding the mechanism of lubricant replenishmertie question arises that TCP will
not diffuse around on the surface since the demgetirevents mobility. An interesting
result from these experiments is that T&HM lubricateseven a low surface coverage
where no dewetting is seen to occur. This impdiestuation akin to Fig. 1.4(b) and not
1.4(c) where partial dewetting occurs after a femfarm monolayers in contrast to
complete dewetting occurring with the absence gfrannolayer formation. The lack of
a dependence on coverage implies that the firgtleaaf monolayers are indeed diffusing
around the surface and the dewetting is a by-pttodot affecting lubrication. Hence,

surface diffusion is still the mechanism for lulation.
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Chapter 7: Conclusions and Future Work

7.1 Conclusion

Experimental tests using a QCM, reciprocatingotmleter, microtribometer, and
an AFM were performed to study the different typésurface diffusion on substrates of
interest to MEMS. We used a novel way to deterntime diffusion coefficient by
measuring the slip time from a QCM. This diffusimyefficient can be used in Brenner’s
model of lubrication involving surface replenishmhesf a cyclical contact. Three
different types of diffusion coefficients were usadoredicting MEMS effectiveness via
surface replenishment. The traditional single iplertdiffusion D deals with the
corrugated potential energy barrier resulting fritra surface on an atomic scale. The
island diffusion coefficientD; spawns from the experimental observation of gold
nanoclusters on graphite and deals with the islaigsarticles moving together across
the surface. The spreading diffusion coefficiBgtinvolves a layer of mobile particles
spreading into a region of lower coverage througternal pressure gradients. This
diffusion coefficient can be viewed similarly todeoplet of liquid spreading into a thin
film on a surface, which it is known to wet. Eaaftthese diffusion coefficients have the
same units (cfits) and will be used in different, appropriate aitons.

Adsorption of TCP onto a QCM and using Fig. 1.4asference show that TCP

partially wets the surface. This means that TCRoiming a full monolayer before
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wetting occurs. The island diffusion coefficidhtis thus not accurate for this particular
case since there is at least a full monolayer d? p&sent and lubrication is not coverage
dependent. Since the spreading diffusion coefiicig; is calculated through pressure
and coverage measurements and TCP was depositathhththermal evaporatioms
cannot be implemented for this case. The singtacpadiffusion can be inferred from
the nanomechanics of the QCM compared to the krimstravior of a single particle of
TCP on a SAM from Brenner’s simulations. For TGPRFTS the discrepancy between
Al and Si albeit small was attributed to a largerface roughness. Fitting these results
to a reciprocating tribometer and using Brennersdet for surface replenishment
yielded a clear difference in steady-state centgrcentration of lubricant for the two
different counterfaces compared to one anotherbleTd.1 shows values for the single
particle diffusion coefficienD of TCP on three different substrates calculatedhfthe
ratios of the slip time and the theoretically medeVvalue of 62.4xI0cn¥/s for TCP on

a SAM. The higher value of D for TCP on Si cor@sgs to a higher steady-state center

concentration and, thus, better tribological perfance.

Table 7.1 shows the single particle diffusion caght of TCP on various substrates.

TCP on Si TCP on PFTS/Si TCP on PFTSJAI

lefu5|onn$oeﬁ|C|ent 2 16x10° 6.24x10" 3.6x10%
cnr/s
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Table 7.2 shows values fbx at one monolayer coverage in an environment of its
own vapor for the three alcohols on three diffemntfaces relevant to MEMS. Despite
the lack of mobility with TFE on PFTS, lubricatihould still occur with a MEMS
device due to replenishment occurring from the vgghase. Once the vapor is removed,
however, and surface coverage decreases to sublagentevels, vapor replenishment is
discarded and spreading diffusion is no longerdvalsince surface coverage post vapor
removal is assumed to be non-uniform, island diffungakes over. The lack of mobility
of TFE on PFTS is now pertinent to lubrication;rdfere failure in a MEMS device is

predicted.

Table 7.2 shows the spreading diffusion coefficegmine monolayer and the island
diffusion coefficient at roughly half a monolayeygt vapor removal. The N/A signifies
a complete removal of the surface adsorbates,harsdro surface diffusion is possible.

Pentanol Ethanol TFE
Si PFTS Si PFTS Si PFTS
(CEIS/S) 1.1 1.2 9 1.1 1.3 0
(Cr?]zi /) N/A 6.5x10° N/A 4.5x10° N/A 0

The main caveat with the Brenner model involves ¢bntact stress. From tests
involving different contact sizes | witnessed a @®gence on contact pressures
contradictory to the Brenner model. Specificaltlhe microtribometer possessed a
smaller contact size and therefore less area nefeddte lubricant to diffuse into, but

did not lubricate a TCP or TCP/PFTS contact duisttarger contact stress compared to
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the macroscale tribometer, which was lubricatedont@stingly, the smallest contact
having a similar contact stress to the failed ntrdbometer did show lubrication with the
addition of TCP. It was found that the Brenner elogorks for contact stresses below a

critical failure limit.

7.2 Preliminary studies

Some preliminary studies of ethanol uptake onéostivface of a Au QCM with a
fluorinated thiol (instead of a silane on Si) pmsly chemisorbed to the surface. Thiols
are known to form more tightly packed monolayerantisilanes. This QCM data set
showed significantly less adsorption on a thiolfate. There was a coverage of Y2
monolayer at 16 Torr of ethanol onto the Thiol/ACK) compared to 1 monolayer on
PFTS/Al and 1% monolayers of ethanol on UV OzoeamrISi. In addition, there was no
hysteresis during the pumpout of ethanol for theecage or dissipation indicating full

removal of the layer in contrast to both PFTS and S

7.3 Future Work

For liquid lubrication to occur under conditionsedled for MEMS contacts the

liquid lubricant must possess these characteristi8ice an environment of gas is not

feasible for MEMS, the calculated diffusion coeffict must be high enough to sustain

120



lubrication via the Brenner model. The lubricanisihhave a low vapor pressure to
ensure surface coverage. The lubricant must adathve surface so replenishment can
occur, and the lubricant must not increase the sidhe TCP was an ideal candidate
except for the increase of adhesion, which is nough to change macroscale tribometry
tests, but is high enough to cause stiction in @a8Hriction tester.

To better understand the relationship betweendiffasion coefficient and the
slip time, more tests must be performed compariiifgrdnt factors in the scaling
parameter. The first method would be to vary tiegdency and area of contact of the
reciprocating tribometer to fit Brenner's modelhi§ would lock in on a more accurate
value for the fraction of lubricant removed pepk& and center concentration needed for
lubrication. The second method would be to obtsip times of an adsorbate on
different surfaces and compare that adsorbate’Styalho lubricate a reciprocating
contact. This method would elucidate a direct cangon from the slip time to a
diffusion coefficient without the need for modeliagery case. Finally, future studies on
a MEMS device are paramount for being able to U8 for quick and efficient ways

to predict MEMS effectiveness.
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