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Dichlorodimethylsilane as an Anti-Stiction
Monolayer for MEMS: A Comparison to the
Octadecyltrichlosilane Self-Assembled Monolayer

W. Robert Ashurst, Christina Yau, Carlo Carraro, Roya Maboudian, and Michael T. Dugger

Abstract—This paper presents a quantitative comparison of chine operation. Microstructure surfaces may come into con-
the dichlorodimethylsilane (DDMS) monolayer to the octade- tact unintentionally through acceleration or electrostatic forces,
cyltrichlorosilane (OTS) self-assembled monolayer (SAM) with 4 intentionally in applications where surfaces impact or shear
respect to the film properties and their effectiveness as anti-stic- inst ther. Wh dhesi ttracti d restori
tion coatings for micromechanical structures. Both coatings againstone anotner. en adnesive atlractions excee rgs oring
have been evaluated in several ways, including atomic force mi- forces, surfaces permanently adhere to each other causing de-
croscopy (AFM), contact angle analysis (CAA), work of adhesion vice failure—a phenomenon known as in-use stiction. In addi-
by cantilever beam array (CBA) technique and coefficient of tjon, it is known that on the microscale, friction is strongly de-
static friction using a sidewall testing device. While water and pendent upon adhesion [6]

q .

hexadecane contact angles are comparable, the DDMS coate | der to alleviate th dhesi lated bl both
microstructures exhibit higher adhesion than OTS coated ones. n order to alleviate these adnhesion-related problems, bo

Furthermore, coefficient of static friction data indicate that the the topography and the chemical composition of the contacting
DDMS films are not as effective at lubrication as the OTS SAM’s surfaces must be controlled. Allest al. considered the use
are, although both exhibit much improvement over chemical of self-assembled monolayers for alleviating adhesion in
oxide. However, AFM data show that the samples which receive gy crystalline silicon (polysilicon) microstructures [7]. In
DDMS treatment accumulate fewer particles during processing . . .
than those which receive the OTS SAM treatment. The thermal particular, they examined self-assembled monolayer coating
stability of the DDMS film in air far exceeds the OTS SAM, as derived from the precursor molecule octadecyltrichlorosilane

the DDMS remains very hydrophobic to temperatures upwards (CHs3(CHz);7SiCls, OTS) using arrays of microfabricated can-

of 400°C. [559] tilever beams. They showed promising results for alleviating
Index Terms—MEMS, self-assembled monolayer, stiction, tri- release-related stiction and suggested these SAM’s as a po-
bology. tential post-release anti-stiction lubricant. However, due to the

stiffness of the structures investigated, no quantitative measure
of the stiction properties of SAM-coated surfaces could be
made at that time. Houstoet al. integrated the OTS coating

HE large surface-area-to-volume ratios of surface and bulkth the microstructure release process and showed that release

micromachined micromechanisms bring the role of stigtiction is effectively eliminated and in-use stiction is reduced
tion into the foreground, as adhesion of these mechanisms tobgl-three orders of magnitude with respect to conventional
jacent surfaces is a major failure mode for MEMS [1]-[5], [21]oxidation release procedures [8].
Stiction is a term that has been applied to the unintentional adhetn addition to the OTS precursor molecule, there are many
sion of compliant microstructure surfaces when restoring forcether molecules of the form RSiChnd R,RSiCl, which are
are unable to overcome interfacial forces such as capillary, viased to produce oriented hydrophobic monolayers on silicon
der Waals and electrostatic attractions. Release stiction, the aaifaces, where R and’ Rlenote aliphatic carbon chains. In
hesion of surface-micromachined structures to the underlyifigt, it has been demonstrated that the most effective reagents to
substrate following the final sacrificial layer etch, is caused prproduce hydrophobic coatings on oxidized silicon surfaces are
marily by liquid capillary forces. Engineering solutions to thigerfluorinated alkyltrichlorosilanes [9]. For example, a SAM
problem include a variety of techniques which have been resating formed from 1H, 1H, 2H, 2H-perfluorodecyltrichlorosi-
viewed elsewhere [1]-[5], [21]. Most of these techniques, howane (CR(CF.)-(CH-).SiCls, FDTS) has a critical surface ten-
ever, do not prevent adhesion from occurring during micromgion as low as 6 mJ/min comparison to 15 and 22 mJm

for Teflon and OTS coatings, respectively [10]. Indeed, lower

. . . ) ) values for the apparent work of adhesion are reported for FDTS
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cluding oxidizing environments. The OTS SAM has been shown
to be stable in oxidizing ambients for temperatures up to"Z25
and microstructures that have undergone the OTS SAM treat-
ment typically exhibit particles that arise from bulk polymer-
ization of the precursor molecules [11]. The FDTS coating is
found to be stable up to 400C in an oxidizing environment,
[9] but it is even more susceptible to particulate contamination
than the OTS SAM. Okt al. have recently examined the use of
dichlorodimethylsilane (GISi(CHs)2, DDMS) as an anti-stic-
tion coating [12]. They have determined that the DDMS mono-
layer retains its hydrophobicity in an oxidizing ambient up to
450°C for a short time period, and at room temperature for over
six months [12]. They proposed that the DDMS film might ex-
hibit superior anti-stiction behavior when compared to the OTS
SAM. Additionally, due to the reduced number of reactive sites
per precursor molecule, (two for DDMS versus three for OTS) -
bulk polymerization may be substantially reduced, given equiv- |
alent processing conditions. [ Valve
In this paper, we present a quantitative comparison of
the DDMS monolayer to the widely accepted anti-stiction
benchmark, namely the OTS SAM. Items studied in detail for
this work include contact angle analysis (CAA), apparent work
of adhesion found from the cantilever beam array techniqfi§- 1. Schematic diagram of the fill/drain” apparatus.
(CBA), coefficient of static friction using a sidewall testing
device, film thermal stability in an oxidizing ambient, andunnel device (Fig. 1), which is further described in the Results
particulate accumulation during monolayer processing. Oand Discussion section. HF treatment leaves the polysilicon sur-
results indicate that although DDMS is thermally more stabfaces hydrogen-terminated, but they must be oxidized for the
than OTS and is less susceptible to particulate accumulatieh|orosilane binding chemistry to occur. For this, R&0 °C)
the OTS coating exhibits superior anti-adhesion and low&0% hydrogen peroxide is poured into the funnel and allowed
friction characteristics. to sit for 15 min. The peroxide is then partially displaced with
DI water, followed by complete displacement with isopropyl al-
cohol (IPA), such that the water and peroxide are completely re-
moved. The IPA is similarly displaced with iso-octane, and the
A. Anti-Stiction Coating Procedures die are transferred into a conditioned coating solution in a glass
The films studied in this work are the OTS SAM and th&oating dish which had been previously treated with the appro-
DDMS monolayer. Both precursor molecules employ chlorogiriate precursor molecule. The die remained in the coating solu-
lane binding chemistry, but the OTS has three Si-Cl bon#in, covered for one hour, and is then transferred to pure iso-oc-
whereas the DDMS has only two. Additionally, the OTS hai@ne. The iso-octane is subsequently displaced with IPA, and the
one long (18-carbon) alkane chain bound to the chlorosilaHA similarly displaced with DI water. All micromachine chips
group whereas the DDMS has two short (One_carbon) metl‘wp removed from the ||qU|d state Only at the last step. Removal
groups_ The procedure used to form both the OTS and tﬂ%the d|e from DI water iS Carried out SUCh that the d|e Surface
DDMS monolayers has been outlined in [9] and [12], but hd§ Perpendicular to the liquid surface, and is performed in one
been slightly modified, and is presented here for completglow but continuous motion.
ness. For reference, structures are also prepared without anjhe procedure carried out for the oxidized microstructures
anti-stiction coating, i.e., oxidized surfaces. consists of the standard release, followed by surface oxidation
The OTS and the DDMS monolayer coating procedures atéth 30% HO, at 90°C for 10 min. The structures are then
carried out identically, with the only exception being the preinsed in DI water and either supercritically dried or removed
cursor molecule used. The iso-octane, used as the solventdigctly from water and air-dried. Air-dried structures, prone to
the precursor molecules, is anhydrous (Aldrich Chemical Corglease stiction, are then manually probed to release them from
pany 99.8%¢+) to help prevent bulk polymerization. The OTS {§€ substrate before testing.
from Aldrich Chemical Company, 95%, and the DDMS is from )
Gelest, 99+%. Deionized (DI) water is obtained from a Barfp: Cantilever Beam Array
stead NanoPure Il System, with 18Mcm resistivity. All the CBA technique is employed to characterize the release and
other chemicals are standard solvent grade, Certified A.C.S.in-use stiction properties of the anti-stiction coatings [13], [14].
Processing of the microstructure die begins with the sacrifithe array (Fig. 2) consists of 2@0m-wide cantilever beams,
cial layer etch, carried out with HF. The HF and etch productghich extend from 150 to 1700 microns in length, and are 2
are then rinsed away with DI water. This and all other displacem above the surface. The beam lengths are incremented by
ment rinses are carried out using a “fill/drain” approach via B0 m. The structural polysilicon layer is 2/om thick. These

Il. EXPERIMENTAL
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Fig. 2. CBA as seen under differential interference contrast microscopy. The darkened beamm(85@) is the only one that is adhered to the substrate.

structures are fabricated at Sandia National Laboratories, Alippage of the sidewall beam occurs. With knowledge of the
buquerque, NM, using standard surface micromachining testermal and tangential forces, the coefficient of static friction
nigues. Complete details of the fabrication process can be foynd defined as the ratio of tangential force to normal force at
elsewhere [15]. the onset of slippage, can be determined. Since this device has
In order to quantify in-use stiction, the beams are electrostabt been described for use in this manner elsewhere, details on
ically brought into contact with the underlying substrate by aphe data-analysis are given in the results and discussion section.
plying a periodic voltage of 100 V to an §am actuation pad
located near the anchor region. The beams are actuated with. aOther Measurements

very low frequency (0.3 Hz) square wave signal at 20% duty The thermal stability of the DDMS and OTS films is studied
for five cycles. After the fifth complete cycle the drive signal igq an oxidizing ambient. This study is performed on single
turned off, and the measurements are taken. Differential int@pystau Si(100) treated in a manner consistent with that de-
ference contrast microscopy is used to determine if beams aggibed in the micromachine coating procedure. The heating
adhered to the substrate before and after actuation. setup for this series of experiments consists of a hotplate with a
o ] o ] ) ) thick piece of machined aluminum fitted with a thermocouple
C. Coefficient of Static Friction on Micromachine Sidewalls .t the surface. The aluminum slab is allowed to equilibrate
Sidewall static friction data are obtained via a test structute the desired temperature and the sample is placed upon the
that consists of a beam that can be brought into contact addminum surface. The sample is exposed to high temperature,
rubbed against a rounded, fixed post. Details on the fabrida-laboratory air, for five minutes, and then removed to a room
tion of this test structure can be found elsewhere [16]. Phottmnperature aluminum slab for cooling. The five-minute expo-
of the test structure are given as Fig. 3(a) and (b), where retere time is chosen based upon estimates of integrated circuit
vant components of the device are labeled by arrows. Previouglgickaging times. The film stability is checked by contact angle
this structure has been used kimeticfriction coefficient mea- goniometry, and the water contact angles are taken immediately
surement [16]. In this paper, we report on the use of this tester the samples cool.
structure to determine the coefficientsthticfriction. Contact angle data are taken with DI water (resistivity 18
The actuation of the test device is performed as followbi£2-cm) and spectroscopic grade hexadecane (Aldrich Chem-
First, a dc normal potentid@l’y ) of 80—100 V is applied to the ical Company) according to the sessile droplet method with a
so-called normal comb drive so that a normal force is generatedmé Hart 100 A goniometer. Droplet size is approximately 4
on the anchored post. Then a sma#l( V) dc potential is ul, and the measurement reproducibility42°. A digital in-
applied to the so-called tangential comb drive so as to causstaiments nanoscope Il atomic force microscope is used in tap-
right to left (with respect to Fig. 3) tangential force. This tanping mode to image the microstructure surfaces and quantify
gential potentia( V) is then slowly ramped up~1 V/s) until their roughnesses. All micromachine actuation is done under
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Fig. 3. Overall view of : (a) of the sidewall friction tester and close-up view (b) of the boxed area in (a), showing detail of the testing structure.

normal laboratory ambient conditions, 2G and 50% relative TABLE |

humidity. The probing system used for all micromachine actu- CONTACT ANGLE INFORMAT 'E’XBT(;'UET'\i';’jSUREMENT

ation is a Lucas-Signatone S-1160 with a Mitutoyo FineScope

60 microscope, equipped with a Sony CCD-IRIS camera. A N Surface Coating | Water Contact Angle | Hexadecane Contact Angle
marski style differential interference contrast prism (manufa ~ DDMS 103° 38°

tured by Olympus) is used with a Mitutoyo M Plan ApoxX.0
objective on the microscope.

OTS 109° 38°

Oxide 0-30° 0-20°

I1l. RESULTSAND DISCUSSION

A. Fill/Drain Approach to Solvent Reduction

In order to address the issue of large volumes of waste slly performed, a single fill/drain cycle results in approximately
vent generated by the disp|acement rinses Comm0n|y founddine order of magnitude dilution of the old solvent with the new
monolayer preparation procedures [8], [9], a solvent “fill/drainsolvent. For example, to completely displace the concentrated
approach is developed instead of an aspiration approach [17}k etch solution (pH- 0) with deionized water (pH- 7) takes
schematic of an apparatus designed to accomplish this is sh&@MeN cycles, at about 50-mL water per cycle for a total of 350
in F|g 1. Basica”y’ this device consists of a Teflon FEP Sepﬁ’ll_ for the diSpIacement. Process run data indicate that the use
ratory funnel modified by cutting the top such that the rounde¥f an apparatus like the one shown in Fig. 1 can reduce the total
portion is removed. Also, a Teflon PFA plug is machined to fitolume of chemical waste from some 6 | (generated by the as-
inside the modified funnel so as to leave sufficient volume aboféation process, described in [9]) to about 1.8 . It should also
the cone for process ||qu|ds The p|ug reduces the amountQﬁ noted that much of this total volume is aqueous waste, and
solvents needed, by reducing the stagnant volume of the funi@n be disposed of much more easily than organic waste. Addi-
Slots are cut into the Teflon plug to facilitate transfer of sampféonally, due to the reduced handling of the sample dies, and the
dies. improved ability to displace solvents, the “fill/drain” approach

Since all the parts of the apparatus are made of some fornfiy simplify the scale-up of anti-stiction monolayer processes
Teflon, any solvent or reagent of interest can be used with tethe wafer level.
funnel system. Since solvent displacements can occur within the
same vessel, the need for sample transfers while maintainfﬁg
a meniscus is greatly reduced. In order to displace one liquidContact angle data for the DDMS coating are summarized
with the next, the contents of the funnel are drained out (via Table I. Also listed are the representative values for oxide
the valve) until the liquid level is slightly above the sample dieand OTS coated surfaces for reference. The water contact angle
Then the new solvent is poured into the top opening, mixedata show that the DDMS film is not as hydrophobic as the OTS
and the funnel contents are drained out again. This process is3&M. This resultis expected, since, for DDMS, the methyl moi-
peated until the old solvent is completely displaced. When progties present at the surface are not sufficiently distanced from

Film Characteristics
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Fig.4. AFMimages of (a) an OTS SAM coated and (b) a DDMS coated Si(100) chip. The samples have undergone identical treatment as micromachine containin
chips. The particulates on the surface are attributed to bulk polymerization of the precursor molecules. The rms roughness based on imig2Statishics
(a) and 1.9 nm for (b). The z scale for both images is 100 nm.

the oxidized substrate to completely shield its hydrophilic ef- It should be noted that there are means of reducing the partic-
fect. For OTS, the long chain (seventeen methylene groupgite contamination seen with chlorosilane-based monolayers,
promotes self-assembly of the precursor molecules into a wieyl careful control of the coating process, and by meticulous han-
packed monolayer that is methyl terminated. Hence, in the caliimg of reagents and solvents that are used. The silane can be
of OTS, the methyl groups are far removed from the substrafyrified by distillation (atmospheric or vacuum depending on
with the alkene chain providing effective screening of the hyolatility), immediately before use to ensure that only monomer
drophilic properties of the oxide substrate. On the other handpresent at the time of coating, and the entire procedure can be
the hexadecane contact angles are the same for both OTS @andied out in a dry-box with carefully controlled humidity. It
DDMS films. Here, it must be kept in mind that the hexadecamsust be kept in mind that some amount of water is required,
experiences only van der Waals interactions with the surfatecause the first reaction step in the film formation process is
Therefore, contact angle analysis with hexadecane essentittly hydrolysis of the chlorosilane head group. However, too
probes the surface species. Since the hexadecane contact amgleh water leads to bulk polymerization of the hydrolyzed pre-
are about the same for both the OTS SAM and the DDMS monadrsor molecules. Thus, careful control of the amount of water
layer, both surfaces most likely have similar densities of methgtesent in the coating solution is critical. Additionally, high pu-
groups. rity, anhydrous solvents can be used for rinses and the mono-

AFM is used to study particulates that accumulate on the sigYer coating solution. However, these solvents are costly, and
face during the coating procedure. Fig. 4(a) and (b) shows AHprther purification steps are time consuming and must be care-
images for OTS and DDMS on Si(100) respectively. These saflly done. The anhydrous solvents must also be stored in a
ples have been treated alongside microstructures, and hencedif20x, since they are hygroscopic. Special handling, expense,
dergone every processing step exactly as the structures. f\ﬁg_other enwronmental constraints add to thg dlf_flculty Qflnte—
samples are not cleaned in any way after final removal frofffating the chlorosnane-bas_ed mono_layers W_lth mdgstrlal pro-
water. The scan size for both images i$380m. Thez-range CESSes. All release processing for this stu_dy is carried out in a
is 830 nm for the OTS scan and only 71 nm for the DDMS scafi@ndard fume hood, with reagents used directly from the man-
Note that the OTS sample is cluttered with large particulatd&acturer. Thus, the reduction of particulate contamination wit-
that are up to several microns in diameter. The rms roughn&§ssed by the DDMS coating is a significant advantage com-
based on image statistics is 25 nm for the OTS sample and R&jed to the OTS SAM.
nm for the DDMS sample. The particulates present on the sur- . )
face are attributed to polymerization of the precursor moleculés. Micromachine Test Results
The DDMS monolayer appears to have fewer and smaller parti-CBAs are used to find apparent work of adhesion values for
cles, and this can be rationalized by considering that, after cothe film. The work of adhesion can be found from this testing
plete hydrolysis, the DDMS has only two silanol groups presedgvice in the following manner. Upon actuating all the beams,
whereas the OTS has three. Hence, the likelihood of polymenly those beams that are shorter than a characteristic length
ization for DDMS is much lower than for OTS. will have sufficient stiffness to free themselves completely from
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TABLE I

DETACHMENT LENGTHS AND WORK OF ADHESION VALUES FORDIFFERENT SURFACE COATINGS. UPON ACTUATION OF OXIDE COATED SAMPLES, ALL BEAMS
REMAINED ADHERED TO THESUBSTRATE. OXIDE VALUES GIVEN IN PARENTHESES ARE FROM8], SINCE THE CANTILEVER BEAM ARRAYS USED IN THIS STUDY
DID NOT PERMIT MEASUREMENT OFDETACHMENT LENGTH LESS THAN150m

Surface Coating| Detachment Work of Standard Hs Standard
Length Adhesion (W) | Deviation on Deviation on
(um) (mJ/m?) w Hs
DDMS 540 0.045 0.011 0.28 0.06
OTS 750 0.012 0.004 0.073 0.005
Oxide <150 >8 1.1 0.1

(110) 20)

the substrate after the actuation force is removed. Beams longer 4000
. L . . 3500 y=1013.2x =
than this characteristic length, however, will remain adhered to 00 B?_00979 ...~
the surface. The value of this characteristic length, termed the ~ 5500
detachment length, is measured as the beam length at which ;2' 2000 W
the beams exhibit a transition from adhered to free standing. g 4500 M/é
Based on this definition, the beams at the transition region are 1000 —=
adhered to the substrate only at their tips, and by balancing the 500 =
elastic energy stored within the beam and the beam-substrate 0 ' *
interfacial energy, the work of adhesidf¥ between the two 0 1 2 3 4
surfaces can be calculated using the following equation: Displacement (L. m)
3 ER*t? . ) - -
== T (1) Fig. 5. Plot o_ﬂ»’f, versus axial displacement for the normal comb drive while
. Vb .
8 d bending the sidewall beam. The slope of this line is the rétio+ k:)/a

where, The value ofé, is 3.5m. The linear fit equation an&? value for the fit is

displayed on the plot. Voltages are measured with two decimal place accuracy.
Displacement is measured optically with a resolutios=df pixel, indicated by
the error bars on displacement.

E  Young’'s modulus£170 GPa for polysilicon [18]);
h spacing between the beam and the substrate;
t thickness of the polysilicon beams [13].

Details on the use of (1) and the numerical determination Rf,qh of roughly five times greater than that of the oxide, which

the detachment length can be found elsewhere [9]. It should pgq|ates to a work of adhesion that is roughly three orders of
noted that the detachment length is affected by on a mUIt'tUHf'agnitude less.

of factors, including roughness of contacting surfaces, the pressjqewall friction testers are used to determine the coefficient

ence of strain gradients on the structural film and relative Nyt satic friction on micromachine sidewalls, according to the
midity. For these reasons, the detachment length, and therefgjig, ving analysis. The force output of a set of interdigitated
apparent work of adhesion, is not an absolute metric of perf%-omb) fingers is given by
mance for anti-stiction coatings. Itis very useful, however, when
comparing data collected on samples that are from the same fab-
rication run. Hence, care is taken to ensure that all the samples
used in this study are from the same wafer. where
After actuation, the beams are inspected to determine which
ones are adhered to the substrate. Fig. 2 shows a picture of
a typical post-release CBA as seen under differential contrasty
microscopy. Note that one beam appears substantially darkeg
than the rest due to its adherence to the substrate. All the other (in this case air);
beams in the picture are free standing. Due to the inherent vari¥’  applied voltage [19].
ation from chip to chip, sticking probability data are accumu~or simplicity, the constants are lumped into the parameter
lated over approximately 15 samples prepared independerimce the displacement that results from actuation of a set of
by two operators. Detachment lengths, apparent work of adlvemb fingers within a comb drive results in an opposing force
sion, and standard deviation on the work of adhesion are sudue to the folded beam suspensions within the comb drive, the
marized in Table Il. Note that the detachment length associafedce actually delivered by the comb driveligejiverea = Fout—
with the DDMS coating is substantially lower than that for OTS;..6, where é is the amount of displacement that the axis of
and that the resulting work of adhesion value for the DDM#&e comb drive has undergone, ahdis the effective spring
coating is, on average, about four times greater than that of tenstant for the folded beam suspension internal to the drive.
OTS SAM. However, the DDMS still affords a vast improvefurthermore, the normal comb drive experiences an opposing
ment over the conventional oxidized surface, with a detachmédatce due to the normal deflection of the bending sidewall beam.

h
Foe = 6 V2 = qV2
g

number of comb fingers;

thickness of the comb fingers;

actuation gap between the fingers;

dielectric constant of the material between the fingers
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Fig. 6. Water contact angle as a function of exposure temperature in air. The substrate is Si(100), and the time of exposure is 5 minutes. Natatthabdegra
the OTS SAM begins to occur at about 226, while the DDMS film does not begin to degrade until about 425

Hence, the force applied to the anchored post due to the norimalthe case of identical normal and tangential comb drives,

comb drive can be expressed as which is our casegr = ax = a, and some rearrangement of
) (3) yields the following equation:
E)ost = Fdelivered - kb6 = a]\‘rvj\f - 6(kc + kb) (2) 2
Fr Vi

. . . o ps = 4o = - @)

wherek, is an effective spring constant for the bending side- Fi <1 + @> <V% — &g <kc + kb))

wall beam. The treatment of the folded beam suspensions and di N a

the sidewall beam bending as Hookean springs is only valid f8inced;, d», andé, can be measured optically with a micro-

small displacements. In the present device, the largest value #@dpe or found from the fabrication layout, the only unknown

6 can acquire is the distance between the contacting surfacegwéntity in (4) is the ratigk,. + k;)/a. The value of this ratio

the sidewall beam and the anchored post when the device i€&m be determined by measuring the displacement as a function

the unperturbed condition, namedy. This distance has beenof applied potential on the normal comb drive as long as the

measured by optical microscopy on released devices at8.5 sidewall beam does not touch the anchored post. Under these

(proof dimension is 3.g:m), which is rather small comparedconditions, the force on the post is zero, and (2) becorifes-

to the length of the folded beam suspension (p@f) and the [(k. + k;)/a]S. Hence, a plot oft’2 versusé should yield a

length of the bending sidewall beam (861). When the device straight line with a slope ofk. + k;,)/a and an intercept of

is in operation, the value dfin (2) is 6. zero. It should be noted that this is a simple analysis, and that it

Since the device operates in a static mode, the summationiintended to serve only as a relative metriqgf

forces and the summation of moments must both be zero. Thidn order to use (4), a value for the ratib. + k;)/a is deter-

realization is important since the normal comb drive exerts notined. Fig. 6 shows the plot of applied normal voltage squared

only a normal force onto the anchored post, but also createél&) versus axial displacement of the normal comb drive (in

torque that must be balanced. The balancing torque must thergerons) against the bending beam before the beam touches the

fore be provided by the tangential comb drive, and results inaachored post. The linear fit to the data is forced to intercept the

normally directed force on the anchored post with the magrii% axis at zero. From this plot, the value of 1.0110° V2/um

tude Fialance = (d2/d1)Fpost, Where the dimensiong andd,  is determined fofk. + k;)/a, and the coefficient of static fric-

are given in Fig. 4. Hence, the total normal force exerted on tkien calculations are performed in accordance with (4). Again,

anchored post is due to chip to chip variation, samples prepared by different oper-

ators are tested for each surface treatment. The results are sum-

Frn = Foost + Fhalance = <1 + @> [anVZ — 8o(k. + k;)]. Marized in Table II. Note that the DDMS treatment results in

d a surface that has a coefficient of static friction that is about

The tangential force is simpler to calculate, and is given K@U times that of the OTS SAM. However, both monolayers

Fr = ap V2. Combining the formulations so far, the coefficienf® highly favorable in comparison to the oxidized surface.

of static friction can be given as D. Thermal Stability

b arVyi Perhaps the most compelling argument for use of the DDMS
ps = o = ) o -
Fy 1 ds V2 8 (k4 ke monolayer is its thermal stability. Fig. 6 shows a plot of water
+ o lanVi = dolke + Fy )] contact angle as a function of substrate temperature in air for

dq
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OTS- and DDMS-treated Si(100). Note that the DDMS treat- [g]
ment maintains a high{ 100°) contact angle at temperatures

of up to 400°C, and does not exhibit a sharp falloff in hydropho-
bicity until after 450°C. These results are consistent with earlier [9]
data reported for this system [12]. The OTS, however, begins to
gradually degrade at about 200. These results can be rational-
ized as follows. Sungt al. have determined that the desorption [10]
mechanism for OTS in vacuum occurs by cleavage of the C-C
bond within the alkyl chain, and continues until only a methyl [11]
group is present. This methyl group is strongly bound to the sil-
icon oxide substrate, and remains on the surface up to about 620
°C [20]. We suggest that the alkane chain of OTS becomes 0X[12]
dized in a similar top down fashion upon heating in an oxidizing
ambient. The DDMS, which has only methyl groups at the sur-
face and no C-C bonds, is therefore immune to the effects qf 3
top down oxidation, and maintains its film characteristics over

a wider temperature range.

(14]
IV. CONCLUSIONS
(18]
The DDMS monolayer is effective at alleviating the effects

of release and in-use stiction, as evidenced by work of adhesiqmg)
and friction measurements, compared to the oxide coating. The
OTS SAM remains the better choice for solving the problemé1
of stiction, owing to its lower apparent work of adhesion and
coefficient of static friction. However, the OTS film may loose [18]
its effectiveness at reducing in-use stiction if it is exposed to
temperatures in excess of 226 in an oxidizing environment,
whereas the DDMS film remains hydrophobic up to temperai19]
tures of 400°C. The DDMS molecule is less effective at poly-
merization. As a consequence, samples treated with the DDMSo]
monolayer exhibit lower roughness due to fewer particulates

than surfaces treated with the OTS SAM. 21]
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