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The Influence of Coating Structure on Micromachine Stiction
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AbstractStiction and friction in micromachines is commoniy inhibited through the use of
silane coupling agents such as 1H-, 1H-, 2H-, 2H- perfluorodecyltrichlorosilane (FDTS).
FDTS coatings have allowed micromachine parts processed in water to be released
without debilitating capillary adhesion occurring. These coatings are frequently
considered as densely-packed monolayers, well-bonded to the substrate. In this paper, it
is demonstrated that FDTS coatings can exhibit complex nano-scale structures which
control whether micromachine parts release or not. ‘Surface images obtained via atomic
force microscopy reveal that FDTS coating solutions can generate micellar aggregates
that deposit on substrate surfaces. Interferometric imaging of model beam structures
shows that stiction is high when the droplets are present and low when only monolayérs
are deposited. A;s the aggregate thickness (tens of nanometers) is insufficient to bridge
the 2 pum gap under the beams,[the aggregates appear to promote beam-substrate adhesion
by changing the wetting characteristics of coated surfaces. Contact angle measurements
and condensation figure experiments have been performed on surfaces and under coated
beams to quantify the changes in interfacial properties that accompany different coating
structures. These results may explain the irreproducibility that is often observed with

these films.
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1 Introduction

Adhesion between microstructures is a major failure mechanism for
microelectromechanical (MEMS) devices. "Stic_:tion" can occur either during the final
steps of fabrication (release stiction) or when parts come into direct contact due to out-of-
range inputs or mechanical instabilities (in-use stiction). The focus of this paper is on
release stiction, in which capillary forces associated with processing fluids cause
microstructures to be pulled into contact with the underlying substrate [1]. One strategy
for minimizing release stiction involves applying hydrophobic coatings sﬁch as
octadecyltrichlorosilane (OTS) or 1H-, 1H-, 2H-, 2H- perfluorodecyltrichlorosilane
(FDTS) to all surfaces having access to organic coating solutions [2]. Replacement of the
organic fluids with water then produces a condition in which the fluid no longer wets
machine components, minimizing capillary forces below the level needed to pull
compliant structures into contact. Both OTS and FDTS have the added benefits of
reducing in-use stiction, friction, and wear, with FDTS exhibiting lower adhesion [3].

While films formed from silane coupling agents can exhibit excellent anti-stiction
characteristics, film properties have been shown to be highly sensitiye to processing
parameters such as deposition time, temperature, the water content of the solution,
concentration, and even what container the films are processed in [4, 5]. Previous studies
have indicated that one source of irreproducible behavior is that silane coating solutions
do not always form ideal monolayers, but can produce a range of ordered surfactant
st;'uctures including aggregated inverse micelles and multi-layer lamellar phases [5, 6].
In some instances, structures such as the inverse micelles are formed and deposited

directly from the coating solution. It appears that similar structures can also form by
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exposing well-ordered self-assembled monolayers to humid environments, promoting
molecular reorganizations within the FDTS layer [7]. The purpose of this investigation is
to determine if there is a direct correlation between the structure of the FDTS coatings

and release stiction.

2 Experimental

Reagents and solvenfs, including FDTS (Lancaster), isopropanol, and isooctane
were used as-received without further purification. Substrate materials consisted of Si
(100) single crystal wafers and micromachined cantilever beams. The micromachined
structures were fabricated using the four-layer SUMMIT (Sandia Ultra-blanar, Multi-
level MEMS Technologyj process involving the alternate deposition of polysilicon layers
and sacrificial oxide layers (removed via a controlled time HF etch) [8]. All samples
were transferred to deionized water, immersed in hydrogen peroxide to form a thin
surface oxide, and immersed back in deionized water. The Si(100) samples were cleaned
ina diluté ammonium hydroxide solution and rinsed with deionized water prior to
coating.

Samples were exposed to the coating solution of 1 mM FDTS in isooctane. Once
coated, samples were taken through a rinse sequence to replace isooctane by water and
air-dried. Suspended cantilever beam test structures and unpatterned Si wafers were
coated at the same time in a given FDTS coating solution. Below, it is assumed that
coating structures of Si(100) and polysilicon beams processed ig parallel are identical.
However, differences between the morphology and surface chemistfy of Si (100) and

polysilicon could conceivably modify FDTS coatings in ways that have not been

anticipated.
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Quantitative values for release stiction were obtained by examining the
deflections of the cantilever beam test structures using ihterferometric microscopy [9].
Interference fringes of 547 nm green light were used to measure out of plane beam
deflections vs. position with an absolute deflection accuracy of 10 nm across an entire
beam. An analysis of the interference fringes is then used to calculate the crack length
(distance from the beam support to the point where the beam contacts the substrate). If
the dimensions and mechanical propertiesk of the beam are known, the crack length can
then be used to calculate the adhesion energy between the beam and the sﬁbstraté in
mJ/m?,

Morphologies of FDTS coated-surfaces were obtained using a Digitai Instruments
Nanoscope III operated in the tapping mode. Film thicknesses were calculated with a
Rudolph AutoEL II ellipsometer using a well established three-layer (air, monolayer,
substrate) model with an assumed refractive index of 1.45 for the FDTS film [10].
Surface hydrophobicity was measured using contact angle measurements made with a
custom-build apparatus based on capillary rise on a vertical plate [11]. A Leica MZ6
stereomicroscope was used to determine the water level and to view the water meniscus.
Images were captured by a charge-coupled device (CCD) camera into a Macintosh
computer and digitally analyzed using a standard image processing program to determine
contact angle values [12].

Qualitative estimates of the relative hydrophobicity of coated surfaces under test
beam structures were obtained using condensation figures. To make the measurements,
beams were first mechanically removed using a micromanipulation stage and a Leica

MZ6 stereomicroscope. Then, optical micrographs were obtained for the sample. After
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removal of the beams, test structures were exposed to supersaturated air to create a
condition where water condensed on the surface. Condensation figures were then
obtained by capturing optical micrographs of the condensed droplets on the sample
surface. All images were captured via a CCD camera connected to a Macintosh

computer.

3 Results and Discussion

The overall test methodology used in this investigation involved first examining
FDTS-coated polysilicon test samples in the interferometric optical microscope to
determine the magnitude of release stiction. Sample batches with both lO.W and high
stiction were identified. Next fapping mode AFM was performed on the Si(111) wafers
that were coated in parallel with the test structures to determine the FDTS film
morphology. Finally, contact angle and condensation figure measurements were
performed in an attempt to establish mechanisms to explain observed correlations

between coating morphology and stiction.

‘Stiction Measurements on Cantilever Beams

The significant batch-to-batch variations that are sometimes seen in the adhesion
behavior of test beams coated with FDTS are iilustrated in Figure 1. Some test structures
(Fig. 1a) exhibit very few interference fringes indicating that all beams have been
released and are freely supported above the substrate [13]. Adhesive interactidns are too
small to bring the beams into contact with the substrate, and are certainly less than 0.01

mJ/m’. In contrast, other test structures contain beams (Figure 1b) that have all been

pulled down to the underlying substrate due to the capillary forces during the drying
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process. The range in the crack length for the beams shown corresponds to a calculafed
range in adhesion elnergies of 0.15 to 3.1 mJ/m? [9, 14]. Adhesion energies as high as 18
mJ/m? have been observed on some of the FDTS-coated test structurres. The adhesion is
almost as high as adhesion energies measured for similar test structures in the absence of

a coating (20 mJ/m?) due to the strong capillary forces during the drying process [15].

Coating Morphologies

Tapping-mode AFM images of Si wafers coated in parallel with the test structures
show that there are dramatic differences between the morphologies of FDTS coatings that
cause the beams to stick and those that do not. Wafers corresponding to the non-adherent
beams consist of monolayers having a low surface roughness (Fig. 2a). Ellipsometry
measurements indicate that the films are 1.3 nm thick, which compares favorably with
the 1.5 nm expected for a well-organized, densely packed monolayer with the
fluorocarbon chains oriented perpendicular to the substrate. In contrast, Si wafers that
correspond to adherent test structures are covered with aggregates of FDTS inverse
micelles [5]. The aggregates appear as droplets that are several hundred nanometers in
diameter and tens of nanometers thick (Fig. 2b,c). Ellipsometry measurements of the
film give an average film thickness of 2.6 nm, indicating that the aggregates account for
at least 50% of the mass deposited (even if a monolayer of FDTS underlies the
aggregates).

Variations in the fraction of the sﬁrface covered by FDTS aggregates appear to
account for the greater than four-orders-of-magnitude range seen in the adhesion energy
of test structures (Figure 3). Although there is considerable scatter at high adhesion

energies, it appears that higher aggregate concentrations result in greater release stiction.
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When there is a monolayer or low percentage of surface aggregates, there is a low
adhesion energy and release stiction is reduced. When the aggregate area increases to

above 10% there are large adhesion forces and a high degree of beam stiction.

Water Contact Angle Measurements

Although it is clear that the appearance of FDTS aggregates is correlated with
release stiction, the test beam results do not revéal why the aggregates create adhesion
problems. The most obvious explanation for the results is that aggregates make beam
surfaces more hydrophilic, either by being organized in such a way as to terminate
surfaces with water or silanol head groups, or by scavenging FDTS to form hydrophilic
bare patches in the underlying monolayef film. Since the hydrophilic character of the
beam and substrate are critical to controlling adhesion, we performed contact angle
measurements to help quantify the extent to which the morphology of the coating
influences surface free energies.

Release stiction is thought to result from the capillary forces exerted by water
during the drying process. Underneath the microstructures, the water meniscus creates a
Laplace pressure given by:
P, =2ycos6

d
where the v is the surface tension of water, 0 is the water contact angle (assumed to be
identical on both contacting surfaces), and d is the distance between the surfaces [16].
According to this equation, attractive interactions leading to stiction should only occur
for contact angles of less than 90°. Since contact angles expected for dense FDTS

coatings should be greater than 110°, this means that release stiction should not occur
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provided that the FDTS surfaces are completely terminated by fluorocarbon surfaces. In
fact, over 30% of the surface would have to be covered by patches of hydrolyzed head
groups (in micellar agglomerates) or by bare SiO, (the thermal oxide on Si) in order to
lower the contact angle to the point where stiction might occur (assuming that the net
contact angle is a population weighted average of the component contact anglés) [17].
Water contact angle measurements were performed on Si wafers coated with
either FDTS monolayers or inverse micelle aggregates to determine if the presence of
aggregate structures generates a more hydrophilic surface (Table 1). On average,
monolayer films exhibit an advancing contaét angle of 110°, which is close to the value
of 115° expected for a fully dense fluorocarbon monolayer [3]. The receding contact
angle is high (101°), and the hysteresis in contact angle (Acos0) is low, as expected.
However, surfaces with high concentrations of the surface aggregates exhibit even higher
advancing contact angles (115°) with a slightly higher contact angle hysteresis than the
monolayer films. The presence of agglomerates does not appear to be accompanied by
the formation of hydrophilic regions, at lgast on bare Si (100). Rather, the observed
increases in contact angle and contact angle hysteresis can be attributed to increases in
surface roughness associated with thé aggregates [18]. The receding contact angle, which
is the important parameter during drying, is always greater than 90° indicatilig that there
should not be an attractive Laplace pressure or any release stiction between FDTS-coated

parts, even when high concentrations of surface aggregates are present.

Condensation Figure Results
The discrepancy between the contact angle results and the fact that release stiction

is observed for parts coated with aggregates suggests that the FDTS coatings are
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behaving differently on the polysilicon test beams than they behave on exposed Si
wafers. One possible explanation for the discrepancy is- that the aggregates in the
deposition solution not only coat surfaces, but can form aggregate networks that bridge
the 2or6 um gap between the beams and the underlying substrate. (Individual
aggregates are too small to bridge the gap.) Alternatively, the assumption that FDTS
coating solutions form identical coatings on all surfaces (e.g. even under beams) may not
be valid. To check the latter possibility, beams were physically removed after the coating
procedure, and surfaces were examined using condensation figures. |

‘Condensation figures (CFs) provide images of surface heterogenieties based on
the decoration of features via the nucleation and growth of water droplets from
supersaturated air. Whjtesides and coworkers have demonstrated that water
preferentially condenses on hydrophilic areas of patterned SAMs, providing a sensitive
probe of diffefences in interfacial free energies between localized areas [19].

CFs obtained on FDTS-coated test structures after beam removal suggest that the
FDTS is not as effective at producing hydrophobic surfaces under beams than it is on
exposed surfaces. ‘While it is not possible to detect where beams were in obtical
micfographs (Fig. 4a,c), the regions that were under beams are readily observable after
the same substrates are exposed to supersatured air to create condensation figures (Fig.
4b,d). More water condenses on regiqns that were covered by beams. The contrast
between regions that were or were not covered by beams during the deposition is much
higher on surfaces containing the aggregates (Fig. 4d) than it is for monolayer films (Fig.
4b). The CF results suggest that regardless of coating structure, less FDTS is deposited

under beams than on more exposed surfaces, resulting in a decrease in contact angle (an
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increase in hydrophilic character). Micellar aggregates appear to accentuate the effect by
preventing more FDTS from getting under the beams, either by scavenging FDTS
monormers or by interfering with surface diffusion. The condensation figure results are
consistent with the test beam results (Figure 3), which indicate that films with high
aggregate concentrations approach the adhesion energy of uncoated beams (shown in the
graph by the vertical line). Experiments are in progress to check this hypothesis by: (a)
using scanning time-of-flight SIMS to measure FDTS surface concentrations, and (b)
using an interfacial forcé microscope to probe adhesive interactions in regions that were
and were not covered by beams during the deposition of both monolayer and agglomerate

structures.

4 Conclusions

We have clearly shown that the film morphology dictates the anti-stiction
properties of FDTS coatings. Release stiction is not observed when ideal monolayer
films are present, but can be extensive when thicker aggregate structures are present.
This finding is significant because it indicates that agglomerate formation during
processing is a major source of irreproducible behavior when FDTS coatings are used to
release micromachined parts. The results could also help explain Why coatings that are
aged at high humidity start to stick to each other. (AFM results show that humid
environments promote the formation of aggregates from monolayer films [7].) The
reason why aggregate structures promote stiction ié currently unknown. However, it
appears that aggregates interfere with the ability of FDTS to form dense, well-ordered
coatings under microstructures, leading to surfaces that are sufficiently hydrophilic to

allow for release stiction via an attractive Laplace force during drying.
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Beam release results for a FDTS covered test structures showing that both low
stiction (A) and high stiction (B) can occur due to batch-batch variations in the
coating.

Tapping mode AFM image of a monolayer deposition of FDTS on a Si wafer (A).
AFM image of an aggregate deposition of FDTS on a Si wafer (B).
Line scan across FDTS aggregate (C).

Plot of aggregate area versus adhesion energy for test structures coated with FDTS.
Monolayer coatings of FDTS result in low adhesion energies and no vrelease stiction.
At aggregate densities above 10% adhesion increases dramatically with up to a four
orders of magnitude more adhesion as compared to monolayer films. | The vertical
line represents the adhesion energy' of uncoated beam test structures from
referencel5.

Optical micrographs and condensation figures of a monolayer (A and B) and
aggregate (C and D) deposition of FDTS. Note the preferential condensation of water
under the beams for the aggregate deposition (D) indicating a higher hydrophilicity -

for this area.
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Table 1. Contact Angles Measured on FDTS Films on Si®

Film Morphology 0, 0, A cos 0°
Monolayer 110+ 4 101 £ 4 0.15+0.02
Aggregate 115+2 96+ 3 0.32 £0.05

* Advancing (8,) and receding (,) static contact angles of water. *Contact angle
hysteresis A cos 6 = cos 0, — cos 0,.
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