Chemical vapor deposition of fluoroalkylsilane monolayer films
for adhesion control in microelectromechanical systems
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We have developed a new process for applying a hydrophobic, low adhesion energy coating to
microelectromechanical (MEMS) devices. Monolayer films are synthesized from
tridecafluoro-1,1,2,2- tetrahydrooctyltrichlorosilafEOTS and water vapor in a low-pressure
chemical vapor deposition process at room temperature. Film thickness is self-limiting by virtue of
the inability of precursors to stick to the fluorocarbon surface of the film once it has formed. We
have measured film densities ef3 molecules nrh and film thickness of~1 nm. Films are
hydrophobic, with a water contact angtel10°. We have also incorporated @nsitu downstream
microwave plasma cleaning process, which provides a clean, reproducible oxide surface prior to
film deposition. Adhesion tests on coated and uncoated MEMS test structures demonstrate superior
performance of the FOTS coatings. Cleaned, uncoated cantilever beam structures exhibit high
adhesion energies in a high humidity environment. An adhesion energy of 100 fi3 wbserved

after exposure to>90% relative humidity. Fluoroalkylsilane coated beams exhibit negligible
adhesion at low humidity ane£20 xJ m ? adhesion energy at-90% relative humidity. No
obvious film degradation was observed for films exposed>@0% relative humidity at room
temperature for~24 h. © 2000 American Vacuum Socief$s0734-211X00)00705-§

[. INTRODUCTION coatings applied to mechanical parts have been
employed'°~*?to discourage adhesion both during fabrica-
tion and in use, should contact occur. In this article we ad-
dress this last approach.

Adhesion of moving parts is one of the more difficult
problems to overcome in fabrication of microelectrome-

chanical systeméMEMS).” Freestanding mechanical struc Hydrocarbon and fluorocarbon materials are well known

tures fabricated from polycrystalline silicon are typically re- . : .
leased from the substrate by etching of a sacrificial oxidé!cor their low surface energles and hydrophobic nature. Most

layer. Subsequent oxidation of the silicon leaves a hydropoaﬂm}J processes for MEMS devices aim o produce a thin

philic surface, and surface tension of water pulls parts to_surface layer bound to the oxidized Si, presenting a
gether during the drying process. Released parts may alsiEnse hydrcigirzbon or fluorocarbon surface to the
strongly adhere if they come into contact with each other gugnvironment: ~““The most common surface modification
to hydrogen bonding between surface hydroxyl groups. In scheme for oxidized Si surfaces is reaction of alkylchlo_rosr
high humidity ambient, this problem is exacerbated by adl@nes with water and/or surface hydroxyl groups in a
sorption of water and capillary condensation. Water capillarSolution-based process to form a thin alkylsilane fifirin
ies or condensation can cause catastrophic failure of MEMmEeneral, the chlorosilane molecules react with water to form
device3 An adhesion value of 140 mJfntorresponds to silanols, which then condense to form siloxane polymer with
twice the surface energy of water, although typically somelhe elimination of water. The condensation reaction can also
what lower values £ 10 mJ/nf) are measured in MEM&®  occur with hydroxyl groups bound to the oxide surface,
probably because wetting of the rough surfaces is incomyielding a S-O—Sibond, anchoring the film to the surface.
plete. MEMS devices that are very short 50 um) de-  The pendant alkyl groups can also play a role in film
velop sufficient restoring forces to overcome such high adformation:*** Long-chain hydrocarbon groups>Cy,) in-
hesion. However, in many applications, MEMS devices arderact via van der Waals forces to form a two-dimensionally
hundreds of microns in length, with very small restoringordered self-assembled layer, while shorter chain alkyl
forces. Adhesion energy on the order @8/n? is required  groups and fluorinated alkyl groups do not tend to form or-
for many practical MEMS devices. dered two-dimensional structures. While these films have
Various approaches have been investigated to prevent aPund widespread use in MEMS technology and elsewhere,
hesion or achieve low adhesion energy. Textured surfdces their structure and properties are not well characterized. In
with small effective contact area minimize the total adhesiveparticular, the extent of bonding to the surfd€e'
energy, while supercritical COdrying® or sublimation  crosslinking!® and ordering’??of alkylsilanes are topics of
drying® processes avoid the capillary forces leading to conconsiderable discussion in the literature.
tact during fabrication. Low surface energy, hydrophobic Solution-based coating processes for alkylsilane films de-
pend on temperaturd;?availability of water?* nature of the
¥Electronic mail: tmmayer@sandia.gov solvent* and concentrations of chlorosilane and silanol spe-
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cies in solutior?® Implementation of a solution-based coat- 0,, H,0

ing process into MEMS technology has been problematic

due to a lack of understanding of this process, and apparentl

narrow process windows. ' p-wave
Vapor phase coating processes using volatile ﬂuorinatecJ[ _r ‘

alkylsilanes have also been reporféd?® Vapor phase pro- | <k

cesses offer a number of distinct advantages compared tg3zz

solution-based processes. One can avoid problems associatiH.0  FOTS

with solution-based coating, including incomplete wetting of

high aspect ratio structures, diffusion limited transport of re- ‘E Pump

agents into confined areas, control of minute quantities of

dissolved water in nonaqueous solvents, uncertain reactiot AW >C

kinetics of chlorosilanes in solution, micelle formation, and

disposal of organic solvent waste. Vapor phase PrOCESSER, 1 schematic of the apparatus used for CVD of fluoroalkylsilane films.

provide efficient transport into high-aspect ratio structureSgots and HO precursors are introduced through high precision variable
good control of reagent supply, have no solvent waste, antak valves. Pumping speed is controlled with a throttle valve. An Evenson

allow convenientin situ cleaning and preparation of surfaces cavity surrounds a quartz tube for microwave downstream plasma cleaning.
immediately prior to deposition Strain-free quartz windows at 70° from the sample normal allow access for

anin situ spectroscopic ellipsometer. The sample stage includes height and
We have developed a low pressure, vapor-phase methqg adjustments for the ellipsometer and a resistive heater.

for coating MEMS devices with a hydrophobic fluorocarbon

film, which realizes many of the advantages listed earlier. In

this process we use a volatile fluoroalkylsilane as precursor The fluoroalkylsilane  precursor used in this
for a chemical vapor depositiqi© VD) process. In a vacuum study is tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane
chamber, controlled amounts of silane precursor and watdfCF3(CF,)s(CH,),SiCls], which we label FOTS. This com-
vapor react on the surface of the sample to form silanolspound has a vapor pressure of approximately 0.3 Torr at
with a fluoroalkyl side chain to provide a hydrophobic, low room temperature, and is thus convenient for use as a CVD
energy surface. This CVD process does require that meprecursor. We have also used the 10-carbon chain analog
chanical parts be released and dried prior to introduction tdFDTS), however, it has significantly lower vapor pressure,
the deposition chamber, so that sacrificial oxide etching musvhich leads to considerably longer process time. The silane
be followed by a supercritical COor sublimation drying precursor is vacuum distilled prior to use. De-ionized and
procedure to produce free, released parts. ultrafiltered water with resistivity>18 M(Q) is used. The wa-

In this article we outline the coating process and reactorer is degassed on the vacuum system prior to use. Both
details of anin situ plasma cleaning process we have incor-precursor reservoirs are maintained at room temperature.
porated,n situ ellipsometric and quartz crystal microbalance ~We employ spectroscopic ellipsometr(SE) (J. A.
measurements of the film deposition, characterization of th&/oolam Co., rotating analyzer-type automatic spectroscopic
film by contact angle measurements and atomic force miellipsometey as well as quartz crystal microbalanG@CM)
croscopy, and adhesion measurements using a cantileveylaxtex, AT-cut quartz crystal, 5 MHztechniques forin
beam test structure. Monolayer films grown by this methodsitu observations of film growth. Ellipsometry provides two
are shown to be dense, continuous, possess low adhesioreasurable quantitiess (the phase difference between the
energies, and are robust toward degradation in high humiditjwo different polarization components—tipeand s waves,
environments for short periods. and tar¥ (the ratio of the magnitudes of the reflection co-
efficients of thep ands waves of the reflected light beam.
For in situ growth studies, we will display real-time mea-
Il EXPERIMENT surements ofA, which is the more sensitive and changes

The CVD apparatus is shown schematically in Fig. 1. It islinearly with film thickness in this regime. Ellipsometric
a simple vacuum system, pumped by a turbomolecular pummeasurements of nanometer thick films are very precise,
and a mechanical roughing pump. The fluoroalkylsilane andhaving the ability to detect changes in film thickness on the
water precursors enter the reactor though high precision leadrder of 0.01 nm. However, determination of absolute film
valves from separate reservoirs. An Evenson-type microthickness is problematic. For very thin films one must either
wave cavity surrounds a quartz flow tube, which can be useinow or assume a value for the film’s index of refraction in
to excite a gas for cleaning substrates prior to the film coaterder to determine the thickness. For this reason we also
ing. Cleaning is accomplished using a discharge in 0.1-0.8Bmploy a QCM to obtain an independent measure of the
Torr O, or H,O vapor, at 20—-30 W forward power using areal density of the filmEx situmeasurements include ellip-
2.54 GHz excitation. The wafer susceptor contains a resistiveometry and x-ray photoelectron spectrosc@gpS (VSW
heater, which allows heating t8400 °C. Strain-free quartz Instruments, CLASS 10Q0for film thickness and surface
windows oriented at 70° from the surface normal are alsa@omposition. Water contact angles are measured by the
incorporated forin situ ellipsometric measurements of the sessile drop techniguédvanced Surface Technology, VCA
sample during processing. 2500. Atomic force microscopy(AFM) (Digital Instru-
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Fic. 3. Water contact angles measured on supercriticgl @@d, oxidized
Si samples, as a function of exposure time in a downstream microwave
plasma in HO vapor at room temperature.

Fic. 2. Cantilever beam adhesion test structeg.Before actuation(b)

After actuation by application of a voltage to the actuation pad. Beam isrication of MEMS devices, including release etch in HF,

adhered to the landing pad, with a crack lengtfs.of reoxidation in HO,, transfer to methanol, and supercritical
CO, drying. These samples are used fiorsitu and ex situ
ellipsometric measurements, contact angle measurements,

ments, Nanoscope Jlimeasurements are made in contactxps, and AFM measurements of FOTS film deposition and

mode using SN, cantilever tips, with the minimum applied properties.(b) Polycrystalline Si films deposited onto Cr

load consistent with stable imaging. metal electrodes on quartz wafers for QCM measurements.

We measure adhesion using the cantilever beam adhesigg) Polycrystalline Si cantilever beam adhesion test struc-

test device shown in Fig. 2, and procedure describegyres fabricated by the same process usdd)irfor adhesion
previously*?° The test device is mounted in an environmen-test measurements.

tal chamber on an interference microscope stage. Long

(1000—-2000um) cantilever beams of polycrystalline Si are ||| RESULTS AND DISCUSSION

brought into contact with a polycrystalline Si landing pad by )

applying an actuation voltage to a small pad located near th@- Surface cleaning

support post of the beams. The beam and landing pad are Samples often exhibit significant surface contamination
both connected to ground so that no potential difference exafter supercritical CQ drying, resulting in inconsistent and
ists between them. After the actuation voltage is removednonuniform coating and adhesion behavi®ince we cannot
the restoring force of the beam acts to pull the beam awajhtroduce parts into an aqueous cleaning environment after
from the landing pad. This is opposed by the adhesive forcéne release etch we have developedrasitu plasma clean-

of the interface of the beam with the landing pad. The reSU|tng process which can be easily integrated with the coating
is that beams are adhered over a length such that the adhgrocess. After loading into the vacuum chamber and prior to
sion energy and strain energy in the beam are in equilibriumegoating, we expose the sample to a downstream microwave
We measure the beam deflection using the fringe pattern idlischarge in flowing @or H,O vapor at approximately 0.1—
the interference microscope. Through a fracture mechanicg.5 Torr, at 20-30 W forward power. The water contact
analysis, the adhesive energy of the contact can be detesngle measured before and after cleaning serves as a gauge
mined quantitatively by measuring the “crack length” of the of the effectiveness of the cleaning process. Figure 3 shows
adhered beari®® The adhesive enerdy, in Jm 2, is given  that parts are initially somewhat hydrophobic, with contact

by angle of 60°-70°. Cleaning in4® vapor discharge faor 10
3 h2td min results in a surface with a contact angle<o5°. XPS
I'=-E—, (1) measurements confirm that parts typically have a high level
2- ¢

of carbon-containing contamination, which is thoroughly re-
whereE is Young’s modulus of the polycrystalline Si beam, moved by the cleaning process. We obtain similar results for
h is the height of the beam above the landing pai its  cleaning in Q discharges. Although these results are for flat
thickness, ands is the crack length—the length from the surfaces with line-of-sight exposure to the discharge flux,
support post to the point at which the beam adheres to theolecular flow conditions ensure that surfaces not in the
landing pad. In this study, we measure adhesion of uncoatdde-of-sight of the plasma, such as the underside of cantile-
beams and beams coated with FOTS as a function of relativeer structures, shadowed areas, and confined areas of high
humidity in a flowing gas of B+H,O vapor. aspect ratio structures, also receive sufficient reactive flux to
Samples used arga) flat, single crystal Si samples, remove organic contaminants. Test measurements, to be pre-
which have undergone standard processing steps used in fadented in Sec. Il C, on cantilever beam structures confirm
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Exposure time, minutes Fic. 5. In situ ellipsometric measurement of FOHSH,0O exposure at room

) _ ) ] temperature. Time incremefd): FOTS is admitted to a static pressure of
Fic. 4. In situ ellipsometric measure of adsorption of FOTS precursor t0g 1 Torr, Time incrementh): H,O added to a total pressure of 0.25 Torr.
clean oxidized Si surface at room temperature. Pressure increases to 0.1 T@§Eaction of FOTS with HO produces a stable film with self-limiting thick-

over about a 10 min period, at which time the FOTS valve is closed, and thg e of~1 nm. The chamber is evacuated in time incrementRepeated
pressure remains static for an additional 10 min. After 20 min, the vacuun‘i;
r

Ve i d and b al ity of the adsorbed d ycles of FOTS and kO exposure result in little additional film growth.
valve is opened, and a substantial quantity of the adsorbed precursor desords,.i fiim thickness saturates atl monolayer.
from the surface. Measurements are made at wavelength of 350 nm.

that surfaces not in the line-of-sight to the plasma are hydroroom temperature. A stable film is formed only after intro-
philic after cleaning. This cleaning process then provides usluction of water vapor, shown in Fig. 5. Growth rate slows
with a reproducible, hydrophilic surface on which to depositdramatically after approximately 15 min exposure to the
the fluoroalkylsilane film. We should also note that thedd  mixed precursors, at a film thickness «fL nm. This could
H,O discharge is also quite effective at removing fluorocar-be due either to depletion of gaseous precursors in the static
bon films deposited by the process described later. gas exposure mode, or a self-limiting growth process. Re-
peated cycles of FOTS and,8 exposure result in signifi-
cantly less additional film growth, shown in Fig. 5, eventu-
ally resulting in a self-limiting film of approximately 1-1.5
The film coating process begins by closing the pumpinghm thickness. A fully dense FOTS film with extended alkyl
valve and introducing FOTS to a static gas pressure of 0.1-€hains should have a thickness of approximately 1.2 nm, so
0.15 Torr.(This takes about 10 min in this experiment be- it appears that the limiting thickness of FOTS film formed in
cause of the low vapor pressure of the FOTS and small corthis process corresponds to a reasonably dense monolayer
ductance of the leak valve usgdlpon reaching the desired film. We believe the self-limiting behavior is caused by the
pressure, we close the FOTS leak valve, and open #@ H inability of the precursor molecules to stick to the
leak valve. Water vapor is admitted to a total pressure in théuoroalkyl-terminated surface, limiting film growth to one
chamber of 0.3—-0.8 Torr, at which point the® valve is  molecular layer.
closed. The gases are then left to react with the wafer surface An independent, quantitative measure of areal density of
under static conditions for varying lengths of time. Growth deposited material is available from QCM measurements.
of the film during this time is monitored bip situ ellipsom-  Figure 6 shows the change in QCM frequency observed dur-
etry, shown in Figs. 4 and %Thickness estimates in Figures ing a similar deposition cycle of FOTS and FO¥H,0 at
4 and 5 are based on an assumed index of refraction of th@om temperaturgBoth QCM and SE measurements could
FOTS films of 1.498 at the observation wavelength of 350not be made on the same sample because of the surface
nm. roughness of the polycrystalline Si film on the QCM
Initial adsorption of FOTS to the surface is confirmed bysample) The sensitivity? of the QCM is 17.7 ng cm?
a small decrease i, however, coverage is low, correspond- Hz . Assuming the FOTS reacts on the surface to replace
ing to an equivalent film thickness of 0.3—0.4 nm. Moreover,Cl atoms with OH, this measurement gives an upper limit for
this layer is not tightly bound to the surface, and will desorbthe surface density of 2:810" molecules cm? after a
upon pumping away the FOTS precursor, as shown in Fig. 4single cycle of FOT$H,O exposure. Considering the van
It is often assumed that chlorosilanes will react with surfaceder Waals radius of the fluorocarbon pendant grévithe
hydroxyl groups to form covalent linkages to the surface.maximum packing density is 3-410" cm 2. The QCM
However, Klaus and co-workef'shave found that surface measurement then indicates that the film is quite dense, ap-
hydroxyl groups react with gaseous chlorosilanes only aproximately 70%—90% of its maximum packing density. The
high temperature and very high doses of the chlorosilanemeasured surface density is consistent with the estimated
Substantial desorption of the FOTS precursor suggests théitm thickness determined from the ellipsometric measure-
rapid reaction with surface hydroxyl groups does not occur aments.

B. Film deposition
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Fic. 6. In situ quartz crystal microbalance measurement of film growth, atF¢- 7+ Thickness and contact angle of FOTS film as a function of FOTS
conditions similar to those in Fig. 4. Total frequency change of 14 Hz +H2O reaction time, at room temperature. FOTS pressQr&5 Torr, HO
indicates a self-limiting film density of 2.510°° gcm 2, or approxi-  Pressure0.6 Torr.

mately 2.8 molecules nnf.

see no evidence of gas phase reactions between precursors

Of course these measurements give us no indication deading to aerosol formation and droplet. dep.osition on the
ordering or structure of the film, or the extent of condensaSurface. At the gas pressures employed in this process (
tion to form siloxane linkages in the film. We note that fluo- 1°) the mean free path between collisions in the gas phase

roalkyl chains do not order as well as alkyl chains because df comparable to the dimensions of the apparacesitime-

weaker van der Waals interactions, and that chains of les§r9, such that deposition is expected to be dominated by
than twelve carbon atoms length do not form well orderedsurface chemistry. We have observed droplet formation and

films in solution-based coating processes. However, Hoffdeposition under conditions of large excess water vapor par-
manet al2” observed an increase in average tilt angle of thdial pressure & 1 Torr), but have not systematically inves-

fluoroalkyl chain with respect to the surface with increasingtigated this phenomenon.
packing density for a monofunctional fluoroalkylsilane de- . ]
posited from the gas phase. Stevérisas also noted that C: Adhesive properties

ordered alkylsilane films are sterically hindered from form-  Adhesive properties of surfaces coated by these films
ing siloxane crosslinks between one another. From our meayave been measured using the cantilever beam adhesion test
surement of high packing density in these films combinedstructure described earlier. Adhesion of coated and cleaned,
with these previous observations, we expect that our filmgut uncoated, beams was measured at ambient humidity lev-
consist primarily of silanol molecules, not chemically boundels of 5%—95% relative humidityRH) at room temperature.
to the surface nor crosslinked to each other, with the disorfor this test an array of beams between 1000 and 2000
dered fluoroalkyl chains pointing out from the surface. Morejn |ength were brought into contact to a crack length of ap-
extensive studies of film structure and composition are irproximately 500um by application of 100 V bias to the
progress.

Film thickness and water contact angle as a function of
FOTS+H,O reaction time and deposition temperature are 16 1 T 120
shown in Figs. 7 and 8. All films are hydrophobic, with .
contact angle>100°. For a given reaction time, thickness g 194 [ | 1110
and contact angle decrease with increasing temperature. This < || " — )
temperature is considerably below the estimated decomposi- 1
tion temperature of FOTSX350 °O, and we ascribe this
growth rate behavior to a decreased sticking probability of
the precursors with the surface at elevated temperature.

AFM images, shown in Fig. 9, reveal a smooth, feature-
less surface, with no indication of partial coverage or three-
dimensional features in the film. Root-mean-squéras)
roughness of the surface in Fig. 9 is 0.23 nm—equivalent to 0.0 20 40 60 80 1060
the roughness of the starting substrate. Simultaneous lateral .
force images also reveal no significant inhomogeneity in film Deposition Temperature, C

propertleS(Note that the small partICUIateS evidentin Figs. 9F|G. 8. Thickness and contact angle of FOTS film as a function of substrate

and 12 are apparently due to prior processing as they akgmperature for FOTSH,O reaction time=30 min. FOTS pressure
observed on uncoated samples from the samg\léé also  =0.15 Torr, HO pressure0.6 Torr.

0.8 — 0O ]
| [ |
0.4 O O ]
[ |

- 80

Contact Angle, deg

Film Thickness
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CEIRIC NN

Fic. 9. Atomic force microscope image of monolayer FOTS film on oxi-
dized Si. Film appears continuous, with rms roughness of 0.28same as
original substrate

actuation electrode. Upon removing the actuation bias, wegs=
measure the crack length for the adhered beams to extract tr#
adhesion energy according to Ed). This procedure was [
repeated at increasing humidity levels over a period of 3 g
days.

Uncoated beams cleaned i @lasma(0.15 Torr, 30 W,
30 min) were tested both to measure the adhesion of bare
oxide surfaces as well as to examine the efficacy of the
plasma cleaning process. At low humidity, plasma cleaned
beams did not adhere upon initial actuation. As the humidit)}:'G' 11. Cantilever beam adhesion test structure with clean, FOTS-coated
. beams(a) After exposure at 5% RH. All beams are fréb) After exposure
increases above 70% RH beams start to adhere and the Cragksos RH for 17 h. The beams indicated by arrows are adhered to the pad
length decreases with time at high humidity levels. Adsorp-at a crack length of 700—10Q0m. All others are either free or stuck only at
tion of water to the oxide surface increases the adhesiofheir tips.
energy, and capillary condensation at the crack tip draws the
beams togethe¥?® Finally at >90% RH, all beams are ad-
hered over nearly their entire length, shown in Fig. 10. From

Eq. (1) we calculate the adhesion energy to-b&00 mJ/m.

Adsorption of water and large adhesion energy indicates that
the oxidized surfaces of the beam are indeed hydrophilic,
and that the plasma cleaning process is effective even on
surfaces not in line-of-sight to the flux of reactive species
from the plasma. Adhesion tests on parts that have not re-
ceived thein situ plasma cleaning have yielded inconsistent
and nonuniform results indicative of a high degree of surface
contamination. More details of the performance of the clean-
e S ing process and adhesion of cleaned, oxidized beams will be
' m——— presented in a separate publication.
FOTS-coated parts were tested in the same manner. Initial
{ actuation resulted in no adhered beams, shown in Fig).11
- , — Exposure to increasing humidity and repeated actuation also
----- ] ‘ = _ caused no measurable adhesion up to 90% RH. The mini-
' mum adhesion energy we can measure based olilEgnd
the beam dimensions is1 uJ m 2. At 95% RH exposure
Fic. 10. Cantilever beam adhesion test structure with clean, uncoate¢pr 17 h, only a few beams adhered at crack lengths of 800—

beams, after exposure to 95% RH24 h. Support post and actuation pad ; ; :
are at the left-hand side of the structure. All beams are stuck to the Iandin:l'000 pm, shown in Fig. 1(). Adhesive energy of these

. _2 H
pad near the actuation pad at the left-hand side of the picture, indicated tgeams is 10-2@J m" <, or roughly three orders of magni- .
the arrow. tude less than that of clean, uncoated beams. Most beams in

i
i
!
i
1
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film breakdown was observed in AFM images, and the con-
tact angle remains 100°. We have as yet no information on
film degradation in atmosphere or oxidizing environments.
Nor have we investigated the effects of friction and wear of
these films in micromachine applications. Future studies will
address these issues in more detail.

IV. SUMMARY

We have developed a new process for applying a hydro-
phobic, low adhesion energy coating to MEMS devices. A
fluorinated alkylsilane monolayer film is synthesized in a
low-pressure CVD process using FOTS and water vapor pre-
cursors at room temperature. Film thickness is self-limiting
by virtue of the inability of precursors to stick to the fluoro-
carbon surface of the film once it has formed. We have mea-
sured film densities of- 3 molecules nrhand film thickness
Fic. 12. Atomic force microscope image of an FOTS-coated sample afte0f ~1 nm. Films are hydrophobic, with a water contact angle
exposure to 95% RH at room temperature 024 h. >110°.

We have also demonstrated iansitu downstream micro-

wave plasma cleaning process using @ H,O. Parts ini-
Fig. 1Qb) remain free or stuck only at their tips, indicating tially contaminated with hydrocarbons are effectively
an even smaller adhesive energy. cleaned, leaving a uniform hydrophilic oxide surface on

Performance of the CVD FOTS coatings is comparable tavhich to grow the fluorocarbon coating.
or superior to solution-deposited coatings of FDTS or octa- Adhesion tests on coated and uncoated MEMS test struc-
declytrichlorosilangODTS). At low humidity adhesion en- tures demonstrate superior performance of the FOTS coat-
ergies of 0-20uJ m 2 have been measured for both ings. Cleaned, uncoated cantilever beam structures exhibit
solution-coate®? and CVD-coated parts. Adhesion behavior high adhesion energies in a high humidity environment. Ad-
at low humidity may be dominated by aspects of surfacehesion energy of 100 mJ T is observed after exposure to
roughness and coating uniformity. Within a lot of samples,>90% relative humidity. FOTS-coated beams exhibit negli-
or within a single set of beams, for which roughness effectgjible adhesion at low humidity and 20 xJ m 2 adhesion
should be comparable, CVD-coated parts have demonstratethergy at 95% RH. No marked film degradation was ob-
much more uniform properties, indicating good coating uni-served for films exposed to 95% RH at room temperature for
formity, compared to solution-coated parts. At high humid-~24 h.
ity, adhesion of solution-coated parts shows evidence of deg-
radation of the coating due to water uptake, and increase
adhesion as the film degrad€sThis film degradation is CKNOWLEDGMENTS
thought to be due to defects in the film, exposing small areas The authors wish to thank S. M. George, B. C. Bunker, R.
of hydrophilic substrate, allowing water adsorption and conW. Carpick, M. J. Stevens, and M. T. Dugger for helpful
densation. We have observed no such degradation, nor sigiscussions, and D. C. Jones for technical assistance. Sandia
nificant increase in adhesion energy for CVD-coated part$s a multiprogram laboratory operated by Sandia Corp., a
after high humidity exposure. An AFM image of a FOTS Lockheed-Martin Company, for the U.S. Department of En-
coated sample exposed t690% RH for>24 h is shown in  ergy under Contract No. DE-AC04-94AI85000.

Fig. 12. There is no evidence for gross degradation of the
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