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Humidity dependence of adhesion for silane coated microcantilevers
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This study examines adhesion between silane-coated micromachined surfaces that are

exposed to humid conditions. Our quantitative values for interracial adhesion energies are

determined from an in-situ optical measurement of deformations in partly-adhered cantilever

beams. We coated micromachined cantilevers with either ODTS (C1XH3,SiC13)or FDTS -

(C,F,,C,H4SiC13)with the objective of creating hydrophobic surfaces whose adhesion would be

independent of humidity. In both cases, the adhesion energy is significantly lower than for

uncoated, hydrophilic surfaces. For relative humidities (RH) less than 95% (ODTS) and 80%

(FDTS) the adhesion energy was extremely low and constant. In fact, ODTS-coated beams

exposed to saturated humidity conditions and long (48 hour) exposures showed only a factor of

two increase in adhesion energy. Surprisingly, FDTS coated beams, which initially have a

higher contact angle (115°) with water than do ODTS coated beams (1 120),proved to be much

more sensitive to humidity. The FDTS coated surfaces showed a factor of one hundred increase

in adhesion energy after a seven hour exposure to 90% RH. Atomic force microscopy revealed

agglomerated coating material after exposed to high RH, suggesting a redistribution of the

monolayer film. This agglomeration was more prominent for FDTS than ODTS. These findings
. .

suggest a new mechanism for uptake of moisture under high humidity conditions. At high

humidities, the silane coatings can reconfigure from a surface to a bulk phase leaving behind

locally hydrophilic sites which increase the average measured adhesion energy. In order for the

adhesion increase to be observed, a significant fraction of the monolayer must be converted from

the surface to the bulk phase.
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INTRODUCTION

The presence of moisture can strongly affect the surface energy of materials.

~icro@ectro~echanical ~ystems (MEMS) [1] with hydrophilic surfaces are inherently sensitive

to moisture because of their very large surface to volume ratio and small restoring forces. For

hydrophilic rnicromachined surfaces, an exponential increase in equilibrium adhesion energies r

[2] with relative humidity (RH) from 1 to 50 mJ/m’, as RH increases from 30% to 95%, has been

measured [3]. This trend was shown to agree well with a single asperity model at contacting

areas of the surfaces, which exhibit nanometer scale roughness. Such energies are far too high to

ensure reliable operation of MEMS devices.

The problem is greatly reduced by the application of hydrophobic silane coupling agents

to the polycrystalline silicon (polysilicon) surfaces. Octadecyltrichlomsilane (ODTS ,

C,8H,,SiCl,) or fluorodecyltrichlorosilane (FDTS, C,F,,C,H,SiCl,) have been proposed [4-6] and

shown to reduce the adhesion energy to the pJ/mz regime. ODTS has been of interest as an

adhesion promoter in glass reinforced composites [7], as an agent in improving selectivity in

chromatographic separations [8], as a means to lower friction coefficients of tribological coatings

[9, 10], and has more recently been applied to MEMS in order to reduce adhesion and friction

[4,11]. However, FDTS may have greater promise for integration in MEMS, particularly

because of its ability to withstand air temperatures up to 400 ‘C, common in the packaging

process required to protect devices and for electrical connection [6].

For such hydrophobic coatings, the surface energy y, is reduced, and the interracial

energy y, between liquid water and the surface coating is much larger than for the hydrophilic

case. Because the surface tension of water with airy, remains the same, the macroscopic contact

angle 6 between water and the surface is greater than 90° and the surface is hydrophobic. In a

macroscopic sense, it is thermodynamically unfavorable for water to nucleate on hydrophobic

surfaces, as represented in Fig. 1. Therefore, humidity should have no effect on adhesion of

micromachines coated by hydrophobic materials.

However, considering that silane coupling agents are deposited as molecular monolayer,

it is important to determine their limitations with respect to severe conditions such as high

temperature or high humidity. Although a large body of literature on this subject reflects the

intensive study on these films [8,12-21], our understanding of the formation, structure and

stability of siloxane films is rather incomplete. Nonetheless, it is clear from these studies that

structural defects exist in these films and that structure is a sensitive function of the deposition
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process. Using rnicromachined cantilever beams as model test structures, we determine that in a

high humidity environment, defect-driven reconfiguration of the sikme coatings from a surface

to a bulk phase greatly increases adhesion. The results are in agreement with infrared

spectroscopy evidence that the silicon head group does not bond covalently to the oxide surface

[19], and may be important for many applications where maintaining constant surface energy is

crucial.

EXPERIMENTAL

We designed and fabricated the polysilicon cantilever beam array test structures with an

actuation pad near the support post. A cross-section of the cantilever geometry is shown

schematically in Fig. 2. The surface micromachine fabrication process to produce these

structures is described in detail in refs. [6] and [22]. The thickness t of the beams was 2.05 pm,

the height of the beams h was 2.30 pm, while their lengths ranged from 100 to 2000 pm. The

structures are encased in glass until the final stage of MEMS processing. The cantilevers are

removed from the glass matrix in hydrofluoric acid, and coated with ODTS and FDTS according

to the solvent exchange procedure described in detail in ref. [6]. On flat silicon pieces processed

along with the samples, the static contact angle with water was 112° and 115° for ODTS and

FDTS samples respectively. When removed from water, the hydrophobic surface prevents

capillary action from acting on the beams, and therefore the beams are suspended above the

substrate. The rms roughness of the polysilicon landing pad in Fig. 2 was 2.5 nm, as measured

by atomic force microscope (AFM) measurements on the landing pad area of the samples. The

bottom side of the polysilicon beam exhibits a similar roughness. Samples were stored in a

drybox under nitrogen flow before testing.

To measure adhesion in-situ, we constructed an environmental microprobing station as

represented in Fig. 3. The sample is placed in a stainless steel chamber into which a controlled

flow of humidified nitrogen”combined with dry nitrogen is introduced. A Michelson

interferometer attachment was placed on a 5X optical microscope objective, and the samples

were illuminated by monochromatic green light at 547 nm. Magnification including the eyepiece

is 50X, and resolution is approximately 3 pm in the plane of the sample. We sealed the chamber

from the ambient with a membrane between the Michelson attachment and the chamber. RH

was monitored by means of a humidity probe.
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As represented in Fig. 2(a), the beams were initially free from the substrate after the

monolayer ODTS or FDTS coating process. To actuate the beams for adhesion measurements, a

voltage of 160V was applied to the actuation pad to bring the beam into contact with the

substrate. At 160V, the crack length s =300 pm as represented in Fig. 2(b). The beams as well

as the landing pad are electrically grounded, ensuring that only adhesive forces exist between the

beam and the substrate once the actuation pad voltage is relaxed to OV. (The complete actuation

pad voltage cycle was 0,50, 100, 120, 140, 160, 140, 120, 100,50 and OV,with approximately

30 seconds between each voltage increment. Looking over this sequence allows us also to study

adhesion hysteresis [23]). After the actuation pad voltage cycle, the crack lengths represents a

mechanical equilibrium between mechanical energy in the beam and surface energy in the

interface between the beam and the substrate [24].

At OV,each beam adhered over a long attachment length d is configured in an S-shape,

and adhesion can be measured using deflections calculated from the interferogram. This is done

as follows: First, background fringes are aligned parallel to the length of the beams. Then,

fringe information along the length of the beam is digitized and convened to deflection data by a

computer program, resulting in approximately 10 nm out-of-plane resolution with a data pornt at

each pixel (approximately every 2.75 pm at the 50X magnification used). The measured

deflection is compared to the calculated deflection from elasticity theory [25] under the

assumptions of the JKR model [.26](i.e., adhesive force exist only in the contact zone). An

example will be given in the results section.

On a given cantilever beam array, we first verified that the beams were free from the

substrate, and then characterized their radius of curvature R (due to stress gradient through the

thickness of the film) using interferometry. The beams were then placed in the environmental

chamber, and a 24 hour dry nitrogen purge was carried out to minimize water adsorption. Next,

the beams were brought into contact with the substrate by applying the pad voltage actuation

cycle described above. An interferogram was recorded at each voltage. This cycle was repeated

at intervals of 1/2, 4, 7 and 10 hours at a given RH. After the test was carried out at O%RH, the

RH was increased to levels of 30,60,80,90,95 and 99%, and the adhesion test was repeated at

each RH. At high RH levels, the samples were exposed up to 48 hours to determine long term

effects. The timing between voltage actuation cycles, the application of the pad voltage, the

taking and storage of interferograms and the monitoring of the RH were ~1 carried out under

computer control. The computer-stored interferograms were later analyzed to measure adhesion.
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Each sample test chip contained multiple arrays of cantilever beams. This allowed us to

determine that the exposure to high RH levels, rather than repeated contact cycles, was the main

contributor in the adhesion effects we observed.

RESULTS

1) Adhesion versus humiditv

An interferograrn of an ODTS-coated cantilever array of 1500 pm length beamsafter the

silane coating procedure is presented in Fig. 4(a). The fringes are attributed to a residual stress

gradient through the thickness of the structural polysilicon film, giving rise to beam curvature.

In this case the beams bend up [27]. ODTS-coated beams were initialIy suspended above the

substrate after coating to a length of 2000 pm. Likewise, FDTS-coated beams were free to the

maximum length of 2000 pm, however they only very slightly curved up, as seen in Fig. 4(b).

The polysilicon film curvature is sensitive to minor annealing temperature variations in

the final step of thermal processing before removing the glass matrix, and is readily determined

by converting the fringe intensity data to deflection data as described above. This was done on

beams of less than 1000pm length so that gravitational effects could be ignored. The result is

shown in Fig. 5, where we see that the radius of curvature is 0.21 m for the ODTS coated beams,

and 1.6 m for the FDTS coated beams.

We display an interferogram of an ODTS-coated adhered beam array at RH=O% after the

first pad actuation cycle in Fig. 6(a). In this array, the beam lengths are from 1000 to 1500 pm.

At lengths greater than a transition length ~,=1200 pm, most beams remained adhered over a

signi~cant attachment length d, as can be seen in Fig. 6(a). Such beams are S-shaped. As

described in ref. [24], shorter beams of length Le~, are adhered at their tips only and are arc-

shaped until they decrease to a length -0.6 ~r, when they free themselves from the substrate to

assume their unadhered shape. Some exceptions to this exist, e.g., the longest beam at the top of

Fig. 6(a). For such beams, the local adhesion is apparently very low, and they remain adhered at

their tips only. Also, some of the other longest beams, such as the second from the top of Fig.

6(a) continue to show fringes along the length of the beam. Although they are adhered over a

reasonably long length d, they delaminate from the substrate beyond the contact zone due to their

curvature. This could be determined from the deflection data – such beams were clearly

configured in the S-shape at a value ofs significantly less than L.
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An example of the quantification of the beam deflections is carried out in Fig. 7 (for the

6’hbeam from the top of Fig. 6(a)). The linescan across the beam from the top is plotted against

the right hand axis. The deflection data is plotted against the left hand axis, where it is compared

to the equation [24]

ti(~)= h(q2)(3 -277), ~ =X/S, (1)

where u is the deflection, h is the height of the support post ands is the crack length as defined in

Fig. 2(a). Because the data and theory for the deflections agree well, the equation

r=
3 h2t3

~E— S4 ‘ (2)

can be used to determine adhesion 17of the beam to the substrate [24], where t is as defined in

Fig. 2(a), and E=170 GPa [28] is Young’s Modulus. For Fig. 7, s =1069 pm can be applied to

determine a value of adhesion r=8.9 pJ/m2 for this beam. This procedure was repeated for each

of eight beams adhered over a long length in Fig. 5(a), with the results reported in the first row of

Table 1. The average adhesion for the ODTS-coated beams at O%RH is ~=6.7 pJ/m’ and

standard deviation c=l.8 pJ/mz.

In Appendix 1 we demonstrate that a correction to the adhesion calculation Eq. (2) to

account for the stress gradient is @ necessary for S-shaped beams. This non-intuitive result is

very useful because it simplifies the adhesion calculation, quite different from the case of beams

adhered only at their tips [29].

Due to their lower adhesion, we chose an array of beams from 1500-2000pm in length

for the adhesion measurements of the FDTS-coated beams. After the first pad actuation voltage

cycle at RH=070, the initial crack lengths were longer than for the ODTS-coated beams, and

~,=1700 pm is observed in Fig. 6(b). These are indications of lower adhesion for the FDTS-

coated structures. For eight beams measured with L> ~r, ~ =2.4 p.h~, and 0=1.1 pJ/mz.

The values of ~=6.7 @/m’ for ODTS and ~ =2.4 pJ/m2for FDTS coated beams found

here are in reasonable qualitative agreement with previous results by the cantilever beam array

technique where values of 30 and 8 pJ/m2 were determined for ODTS and FDTS respectively

[6]. The reason for the lower adhesion of the FDTS coated samples wm. attributed to the lower
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surface energy of the fluorinated compared to the hydrogenated tail group. The low values in the

pJ/m2 range can be attributed to the low surface energies of the coatings acting in concert with

the roughness of the surfaces which causes the true contact area to be much smaller than the

apparent contact area.

As humidity was increased to 90% RH, the adhesion remained at approximately 7 @/m’

for the ODTS-coated beams. At 95% RH, a small increase in adhesion to 10 pJ/m’ was noted.

After a 48 hour exposure at 99% RH, the adhesion was observed to increase to approximately

18 pJ/mz. The results are plotted in Fig. 8 and tabulated in Table 1.

In Fig. 9, we show interferograrns of FDTS-coated beams subjected to high humidity

levels increasing from 80 to 95’%. Similar to the ODTS, adhesion was unchanged over a large

range of RH from Oto approximately 80%, as can be seen by comparing Fig 9(a) to Fig 7(b).

However, at 90% RH, adhesion began to increase with exposure time. Relative to Fig. 9(a), the

effect is small, yet noticeable in Fig. 9(b). Counting from the top of Fig. 9(b), s for beams 7, 8,

9 and 11 has decreased noticeably, and the same can be said for several of the beams near the

bottom of the interferogram. Furthermore, the transition length ~, has decreased from

=16 10pm to = 1570 pm. After the 4 hour exposure at 90% RH, the average adhesion increases

to ~=3.5 pJ/mz and c=l.8 pJ/mz as graphed in Fig. 8.

A far more dramatic effect is observed in Fig. 9(c), where the exposure time at 90% RH

has increased to 7 hours. The crack lengths for various beams has decreased from 1200 to

1600 pm in Fig. 9(b) to 300 to 700 microns in Fig. 9(c). This corresponds to a large increase in

adhesion according to the 1/s J relationship of Eq. (2). The standard deviation in the data is now

larger than the average value with ~=273 pJ/mz and 0=395 pJ/mz, indicating some non-

uniformity in the mechanism causing the adhesion increase. At 95% RH r continues to

increase, while a/~ decreases to less than unity after a 30 hour exposure at this RH. From this,

one may infer that the mechanism for adhesion increase eventually effects a more uniform

change across the entire surface. In Fig 8, the increase in r as well as the sharp increase and

subsequent decrease of cr/r for the FDTS-coated beams is clearly seen.

Beam arrays on the same FDTS sample test chip which had been exposed to the high RH

ambient but not actuated remained free from the substrate. At high RH levels, we actuated such

beam arrays, and they exhibited the same large values as the beam array of Fig. 9. This indicates

that the adhesion increase mechanism is caused by exposure to the high RH, rather than by a

cycling phenomenon due to multiple contacting episodes. Other beam arrays were tested after
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the RH was subsequently reduced to OYO.These showed no apparent effect due to the exposure,

while the previously adhesion-degraded beams tested at high RH remained adhered.

2) Investigation of the degradation mechanism

As discussed in the introduction, there is a strong barrier to nucleation of water on the

surface given the hydrophobic nature of the coatings. However, for the FDTS films above

80% RH and ODTS films above 95% RH, this barrier is apparently surmounted. To begin to

understand this phenomenon, we conducted in-situ ellipsometry measurements of single crystal

silicon samples subjected to increasing RH levels. Three types of surface were studied:

(i) oxidized hydrophilic substrates (ii) ODTS-coated substrates and (iii) FDTS-coated substrates.

Ellipsometry measures the product of the index of refraction and thickness of the layers on the

substrate. This can be converted into an approximate value of film thickness, and is plotted in

Fig. 10. Above 50% RH, the SiO, surface exhibits multilayer absorption of water. The ODTS-

coated surface exhibits small but significant water uptake above RH levels of 50%. Although the

water absorption of the FDTS-coated substrate is somewhat smaller than the ODTS coating,

there is still a detectable amount of water absorbed. The measurements were taken after

approximately a ten minute equilibration period. After longer exposure times, drift in the “

ellipsometer measurements make the results unreliable.

These results gives us information on the average amount of water on the surface, which

we interpret in terms of a classical BET adsorption isotherm [30]. For the hydrophilic SiOz

surface below 50% RH, a sub-monolayer film of water exists on the surface. Above 50910RH,

multiple layers grow as the driving force for water to nucleate on itself increases. For the ODTS

and FDTS coated surfaces, approximately a monolayer of water is adsorbed by the film when the

RH reaches 100%. For this relatively short equilibration time of 10 minutes at each RH, there is

not a significant difference in water absorption between the ODTS and FDTS coatings. This is

qualitatively in agreement with adhesion results for the cantilever beams – a noticeable adhesion

increase was only observed after 4 hours at a high humidity levels.

We next compared the landing pad areas (see Fig. 2(a)) of samples which had been

exposed to high RH to the same area of those which had been kept in air (in RH generally ●50910)

by atomic force microscopy (AFM). A Digital Instruments (Santa Barbara, CA) Nanoscope IHA

was used with silicon nitride cantilevers. The AFM was conducted in air after the samples were

removed from the high RH environment. Results are shown in Figs. 11 and 12 for the ODTS and

FDTS samples respectively. A number of agglomeration sites (mounds) are seen for samples
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exposed to high RH for both ODTS (Fig 11(a)) and FDTS (Fig. 12(a))-coated samples, relative

to the unexposed sample (Fig. 1l(b)). For the ODTS-coated sample, exposed to 999i0RH for 48

hours, the density of the mounds is approximately 0.05 to 0.1 per pm’ density, their heights are

typically 5-15 nm, and the diameters are typically 400-800 nm. As seen in Fig. 1l(a), the ODTS

mounds are easily displaced by the AFM tip, even at low applied loads, producing streaks in the

image ‘alongthe fast scan direction. This effect is reduced but not eliminated by using an

intermittent-contact mode imaging. This implies that the mounds are extremely weakly bound,

in a physisorbed manner, to the substrate. The FDTS mounds are distinct in several ways. They

are not displaced by the tip, demonstrating that they are bound much more strongly to the surface

than the ODTS mounds. The density is approximately 0.1 to 0.2 per pm?density, which is twice

the density of the ODTS mounds. The heights are typically 10-25 nm, but can be as large as 65

nm, and the diameters are typically 500-1000 nm. A linescan of a relatively large mound is

shown in Fig. 12(b). For both ODTS and FDTS films, smaller mounds maybe present but are

difficult to distinguish from the somewhat rough substrate.

DISCUSSION

Both the ODTS and FDTS coated films behave remarkably well for micromachining

applications – up to a threshold value of 95 and 80% RH respectively there is very limited

susceptibility to humidity. This implies that well coated micromachine structures do not require

special storage or packaging in most situations. Even when the FDTS degrades, the maximum

adhesion observed at 95% RH is only 1 mJ/mz, much smaller than the value of 50 mJ/mz

measured for uncoated hydrophilic beams at the same RH level [3]. The adhesion result for

threshold RH levels up to 95 and 80% for ODTS and FDTS respectively is in agreement with the

detailed attenuated total reflectance infrared ATR-IR study of Angst and Simmons on

ODTS [13]. They report that at humidity levels up to 80% RH, monotonically increasing water

absorption in the film occurs at silanol sites at the silica-silane interface. The ellipsometry

results of Fig. 10 also agree qualitatively with Angst and Simmons’ work, who measure

approximately a monolayer of water is adsorbed at high RH in the interracial sites. Because the

monolayer tail group remains as the exposed surface, their results would predict that adhesion

energy should not change with RH. This agrees with our results up to the threshold level.

However, at very high levels of RH and long exposure times, the ODTS and FDTS-coated films

9
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in this study clearly exhibit an increase of adhesion on humidity, an effect explained neither by

Angst and Simmons nor by our ellipsometry results. -

Our adhesion results on the silane coating agents are also in contrast to the adhesion

behavior of fatty acids on atomically smooth mica surfaces at RH levels from Oto 100% studied

in the surface force apparatus (SFA) [31,32]. There, water penetration lead to uniform swelling

of monolayer increasing monotonically with RH, with concomitant lateral mobility, overturning

of molecules within the monolayer, and monotonically increasing adhesion with RH. The

resistance to humidity of the silane coupling agents is probably due to the tendency (albeit weak)

towards cross linking of the head groups [8,19]. This cross linking tendency does not exist in the

fatty acid films, and is the reason that water can penetrate at any RH level. Neither the results of

Angst and Simmons [13], nor of Israelachvili and coworkers [31,32] helps us to understand the

mechanism for adhesion increase at high RH levels we observe in the silane coupling agents.

The fact that a threshold humidity value for adhesion degradation is observed for the silane

coupling agents, as well as the highly non-unifom onset of the adhesion degradation

mechanism, implies that a defect mechanism is more likely in the present situation. This notion

is consistent with the appearance of mounds as seen in the AFM images of Figs. 11 and 12.”

How might the mounds initiate in the silane coupling agents at high RH values? From

AFM observations on ODTS after various stages of growth, films are known to contain a variety

of defects and domain structures with different density [15,16]. Two types of defects which

must be present are low density regions with disordered tail structure (liquid expanded - LE) and

domain boundaries of high density ordered regions (liquid condensed – LC). Steric factors and

the degree of ordering on the tail groups may both play a role in determining the film density.

Wirth [8] and Stevens [12] have argued that close packing of tail groups in films formed from

ODTS cannot be accommodated over large areas due to steric constraints. The Si-O-Si bond

distance of 0.32 nm is smaller than twice the van der Waals radius of the hydrocarbon chain,

0.4 nm, thus close packing of the tail groups would lead to unacceptable strain in the

polymerized head groups. This would imply that disordered regions of less than theoretical

density are likely to form. From these various observations it is clear that the experimental

measurement of a large contact angle, 110° to 120°, does not necessarily indicate a densely

packed array of tail groups, or the complete passivation of the surface toward water adsorption.

Such regions of low density and structural defects may serve as sites where water can

penetrate the film and adsorb or react at the substrate interface. This allows water islands to.
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emerge on the surface of the film at high RH levels, as seen in Fig. 13. The very small apparent

film thickness observed by ellipsometry in Fig. 10 could alternately be viewed as a formation of

many small water droplets nucleating at defect sites on the surface. This local, defect controlled

adsorption of water maybe the incipient mechanism for the formation of the mounds.

The relatively large height of the mounds suggests that there is a further evolution of the

film structure beyond the water nucleation suggested in Fig. 13. Monolayer degradation can

initiate at a site as shown in Fig. 13. If we suppose that the headgroups are cross linked by

hydrogen bonding rather than covalently bonding as has been suggested in ref. [19], it would be

favorable for molecules to detach from the interface at local water islands and rearrtige

themselves into a bulk phase. We can imagine two mechanisms by which the large mounds

form. In the first, head groups might roll up and expose themselves to the ambient, forming a

structure analogous to rolled sod. This seems possible because of the low energy interface which

would form when water wets the exposed silicon atoms. Also, it is reasonable that an

accumulated rolling process would result in such large mounds. However, there are two

arguments against this notion. First, phase diagrams for surfactants [33] indicate that hydrophilic

head groups would prefer to remain oriented towards the inside of the water droplets, leaving the

hydrophobic tail group exposed. Second, if the tail groups were hydrophilic as in the rolled sod

model, we would expect spontaneous healing of the cracks due to strong capillary forces as is

observed for uncoated hydrophilic beams [3]. In contrast, electrostatic actuation was required to

heal cracks in our experiments, even at a 97% RH level. Therefore, the mounds likely are

hydrophobic, and perhaps diffusional transport is the most likely mechanism for their formation.

A schematic representation is shown in Fig. 14. The details of this formation process, as well as

the micellar, vesicular or Iamellar nature of the mound structure remains to be elucidated.

Although both films are expected to contain structural defects, the large difference in

behavior between the ODTS and FDTS coated beams is surprising. One reason maybe the

density achieved by the respective films. The density obtained during deposition is likely related

to both the deposition dynamics as well as steric constraints between closely spaced molecules.

Previous studies of ODTS deposition have measured packing densities of 4.2 to 4.8 per nmz

[20,21] compared to a theoretical maximum packing density of 7.2 per nm’ based on the van der

Waals radius of the molecule and the assumptions of all-tram configuration and close hexagonal

packing of the tail group [34]. This implies that the ODTS film achieves 60% of its theoretical

density. For FDTS films, a density of 3.3 per nm’ has been reported [21], compared to a
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theoretical maximum by this same calculation of 4.4 per nmz, giving the FDTS film a 75%

theoretical density. Although neither film achieves theoretical density levels, the absolute

density of the ODTS films is higher.

The performance difference between the films can be attributed to the two following

considerations. First, because the 18 carbon ODTS chains are longer and denser than the 10

carbon FDTS chains, interchain bonding forces are greater, suggesting that the driving force for

molecular alignment is larger for ODTS. Second, because the ODTS hydrocarbon chain is of

smaller diameter than the FDTS fluorocarbon chain, one would expect that the strain induced by

head group polymerization is larger in the FDTS case, also inducing a greater degree of

structural imperfections. This has been observed for the case of thiols on gold [35]. Although

water intercalates into both films, defects in the FDTS films are more open, allowing greater

water penetration.

Although the ODTS adhesion increase was much less than FDTS, the AFM results of

Figs. 12 and 13 suggest that the mechanism for the increase is similar for the two films. If we

assume that the mounds consist mainly of the original coupling agent at the average of the

density, diameter and height reported above, and that the mound density measured by AFM is

the same as that while the sample is exposed to high RH, we can calculate the percentage of the

original monolayer which has been converted into the bulk phase. For the FDTS films, the

volume of the mounds is then approximately 4070 of the volume of the film on a uniformly

coated flat surface. Migration of coupling agent from within a 900 nm radius of the original

defect can then explain the mound size. Under the same assumptions for the ODTS films, the

volume of defects is approximately 5~0of the volume of the film on a uniformly coated flat

surface. With the smaller average mound size, migration of approximately 500 nm is required.

This implies that adhesion of the cantilevers at high RH is sensitive to only a large distortion of

the silane coupling agent.

As seen in Fig. 14, locally hydrophilic areas will be left behind when the hydrophobic

mounds form. A factor which works counter to the adhesion increase is that the mounds are

slightly higher than the surrounding hydrophilic areas. To explain the result that adhesion

energies are observed to increase only upon actuation of the electrostatic pad, it is necessary to

consider that compressive forces exist very near the crack tip. These forces can quantifiable

account for sufficient deformation of the mounds that the hydrophilic mechanism is engaged

[23], as seen in Fig. 15.
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SUMMARY AND IMPLICATIONS

We constructed an environmental microprobing station with interferometric capability to

measure the effect of humidity on adhesion of rnicromachined cantilever beams in-situ. We

verified our adhesion values by measuring individual beam deflections which compared

favorably with elastic theory calculations. A correction to account for the effect of strain

gradient was shown to be zero for S-shaped beams (e.g. Appendix 1).

A simple macroscopic model, which predicts that adhesion should be independent of WI,

works well below a threshold value of RH 95% and 80% RH for the ODTS and FDTS coatings

respectively. This is in good agreement with the results of Angst and Simmons, who report that

for RH up to 80%, who concluded that up to a monolayer of water is adsorbed at the

hydrophobic fihdoxide interface, even though the hydrocarbon outer surface of the film remains

hydrophobic. For ODTS-coated beams, adhesion is independent of RH for levels up to 95%, and

increases by a factor of two after a prolonged exposure of 48 hours at 9970 RH. For the FDTS-

coated beams, adhesion remains constant at RH levels below 8090, ancl increases significantly by

a factor of 500X after a 48 hour exposure at 9570 RH. The adhesion increases with exposure

time on the order of hours for the FDTS beams. However, the FDTS coated films exhibit 50

times lower adhesion at 959Z0RH relative to uncoated surfaces [3] even after they have begun to

degrade.

Ellipsometry measurements indicate that water is present on the surface for both ODTS

and FDTS films, but do not explain the increase in adhesion after long exposure times at high

RH levels. Results on fatty acids using the surface forces apparatus [31,32] also do not explain

the behavior of the silane coupling agents. We propose a new mechanism for water uptake at

very high RH levels for silane monolayer. Namely, water adsorption at silanol sites at the

interface between the FDTS coating and the oxidized substrate leads to islanding of water at high

RH levels, as in Fig 13. This leads the film to reconfigure from a two-dimensional to a more

stable three-dimensional phase at high RH levels, leaving behind locally hydrophilic areas which

cause the adhesion increase, as in Figs. 14 and 15. The ODTS film is susceptible to a similar

phenomenon, but better resists conversion from the surface to the bulk phase because it is denser

and has a longer tail length. The conversion from surface to bulk phase is on the order of a

monolayer for the FDTS, but only about five percent of a monolayer for the ODTS, indicating

that only large scale reconfiguration of the monolayer film can cause the adhesion increase.
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This work adds further insight into the question of which molecule, ODTS or FDTS, is

more appropriate in packaged MEMS applications. Previous work [6] suggested that FDTS

might be favored because it is less susceptible to oxidation at temperatures up to 400 “C.

However, even hermetically sealed packages may eventually allow penetration of water, and this

possibility should be considered when assessing the long term reliability of MEMS devices. The

present results may also be important for durability of MEMS coatings subject to sliding friction.

Namely, energy supplied by the sliding motion may significantly lower the threshold humidity or

time for coating degradation.

The adhesion increase does not occur spontaneously, in contrast to the cm.e of

hydrophilic beams where capillary action at the crack tip does work on the beams to decrease the

crack lengths [3]. Rather, actuation of the beams after prolonged exposure to high RH is

required to observe the adhesion increase in the present case of hydrophobic beams. If operation

of MEMS devices at low RH can be assured, then the degradation of the coupling agent may not

cause reliability problems.

In-situ interferometric observation of cantilever beams subject to various environments is

a very useful tool for evaluating the stability of coating materials. The method can be extended

from the static to the dynamic regime for greater insight into adhesion related mechanisms of

surfaces.
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Fig. 2(a)

Fig. 2(b)
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Fig. 4(a)

Fig. 4(b)

Fig. 5

Fig. 6(a)

Fig. 6(b)

Fig. 7.
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Nucleation of water on a hydrophobic surface is unfavored

Cantilever beam test structure after release and before activation

Test structure after actuation and relaxation of VP,~to CIV.Long beams remain
adhered in an S-shape due to adhesion.

Schematic of the interferometric environmental microprobe station.

Interferograrn of ODTS sample before actuation. Beams are 1500 pm long and are

curled up due to stress gradient in the polysilicon film. The apparent shift in

fringe location from top to bottom is due to a small tilt of the reference plane

relative to the substrate.

Interferogram of FDTS sample before actuation. The beams are 1500-2000 pm

long and very nearly flat, as indicated by the lack of fringes.

Curvature of 1000pm beams from interferograms. The data matches very well

with simple beam theory assuming an external moment (due to the strain gradient)

is applied at each end of the beam.

Array of 25 ODTS-coated beams after first actuation. 13eamlengths in this array

increase by 20 pm increments from 1000 to 1500 pm. The transition from arc

shaped beams adhered at their tips to S-shaped beams adhered over a significant

portion of their iength occurs at Lr,= 1200 pm. (horizontal compressed 2.7X
.

relative to vertical)

Array of FDTS-coated beams after first actuation. Beam lengths in this array

increase by 20 pm increments from 1500 to 2000 pm. 1.7,=1700pm. (horizontal

compressed 2.7X relative to vertical)

Linescan of fringes (right-hand abscissa) and deflections (left-hand abscissa) of

the1400 pm long ODTS-coated beam (6*beam from top of Fig. 6a) after initial

actuation. The measured deflection shape agree: very well with the shaped

calculated from theory, Eq. (1), as represented by the dashed line.
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Fig. 8 Adhesion of 8 individual beams vs. RH for ODTS and FDTS coatings.

Fig. 9(a) FDTS coating, RH=80%, 10 hour exposure.

Fig. 9(b) FDTS coating, RH=90%, 4 hour exposure.
Fig. 9(c) FDTS coating, RH=90%, 7 hour exposure

Fig. 9(d) FDTS coating, RH=959i0, 30 hour exposure

Fig. 10 Ellipsometry results for water layer thickness vs. RH (10 minute equilibration

time)

Fig. 1l(a) Contact mode AFM image (10x 10 pm’) of ODTS-coated sample (polysilicon

landing pad area) revealing mounds of agglomerated material after exposure to

high RH. The mounds are easily displaced by the tip during the scanning (left to

right), producing several streaks in the image.

Fig. 11 (b) Same as (a), but sample was not exposed to high RH. The contrast is due to the
roughness of the substrate. FDTS-coated samples that were not exposed to high
RH appeared the same.

Fig. 12 (~) Contact mode AFM image (10x 10 pmz)of FDTS-coated sample (polysilicon

landing pad area) revealing mounds of agglomerated material after exposure to

high RH. Without exposure to high RH, the samples appeared the same as Fig.

n(b).

Fige 12 (b) Linescan across a mound as designated by the gray line near the bottom of (a).

Fig. 13 Schematic of water nucleation in FDTS films

Fig. 14 Schematic of crack tip after exposure to high RI%

Fig. Al(a) beam after release with curvature due to strain gradient

Fig. Al(b) beam is straightened by applying an external moment Mo.

Fig. Al (c) S-shaped beam and associated moment diagrams with Ostrain gradient (solid line)

and with an internal strain gradient (dashed line)
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Appendix I Stress gradient contribution toG iszerofor S-shaped beams

Micromachined cantilever beams often exhibit curvature due to an internal stress gradient

through the thickness of the film. In order for a cantilever beam to configure itself in the S-shape

indicative of a fracture mechanics adhesion equilibrium, strain energy must be expended to

overcome this internal strain gradient. We calculate this energy, and then take its derivative in

order the find the strain energy release rate G.

A free beam with stress gradient has a radius of curvature –p (with p a positive

number), which is negative for abeam curved up as in Fig Al(a). By applying an external

moment MO,where

(Al)

the initially curved beam will be flattened as in Fig. Al(b). After external forces are applied to

bring the beam into contact with the substrate over a long length, sufficiently long beams will

remain adhered in the S-shape as in Fig. 2(b). Deflections of the S-shaped beam are unaffected

by the strain gradient, however an additional internal moment - M,, exists in the beam as shown

in Fig. A 1(c). The S-shape deflection is

“(X)=3’’(:F2’2(:J OQ)

Over the unadhered region of the beam O*X*S, the total moment in the beam is the sum

of the moments due to the S-shape deflection and the internal moment M.

dzu

()

6Dh 2x
M= M~+MO=–D~+kfO=~ —–1 +MO

dx s s
(A’)

while the adhered portion of the beam s ● x ●L has a moment -MO .

The strain energy due to bending in the beam is

which reduces to

(A4)
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[6h s l+D[ L s ] D[12h2 L]
U~=U~l+U~z=D~+— —–— =— — -–

1 2p2J 12p2 2p2J 21 s’ ‘p’]
(A5)

s

The strain energy release rate G is then

identical to the result with zero strain gradient assumed [25]. This is anon-intuitive result,

because one might expect that the excess energy in the beam would give rise to a larger G. As

can be seen from (A5), however, the s dependence of this excess energy over the interval

ODx ●S is cancelled out by the s dependence over the interval s” XOL.

Therefore, once the crack length s is determined for an adherecl S-shaped beam, adhesion

can be accurately determined without needing to measure the initial curvature in the beam. This

is in striking contrast to adhered arc-shaped beams in which this must be accounted for [29].

Two major advantages are clear: (1) the calculation is simple and (2) even if all the beams are

initially adhered in the S-shape such that the strain gradient cannot be measured, the value G for

is in any case unaffected. If the compliance of the boundary is taken to be non-zero, this result

will be affected slightly. For the relatively low adhesion energies considered in this work, this

effect will be very small.

dU 18Dh2 3 Et3hz
G=-—=—=–—

dss42s4’
(A5)

.
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Table I - Adhesion after exposure to increasing RH

RH (%) Time (Hrs) ODTS ~ (u) FDTS ~ (o)
(ph-tj - (p.h-tj -

0 0 7 (2) 2 (1)
80 12 7 (2) 2 (1)
90 4 7 (2) 4 (2)
90 7 7 (2) 273 (395)
95 10 10 (5) 790 (781)
99 40 18 (10) 1008 (645)
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Fig. 1 Nucleation of water on a hydrophobic surface is unfavored.

Fig. 2(a) Cantilever beam test structure after release and before actuation.

Fig. 2(b) Test structure after actuation and relaxation of VP,,to OV. Long beams remain
deformed in an S-shape due to adhesion.
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Fig. 3 Schematic of the interferometric environmental microprobe station.
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Fis 4(a) Interferogram of ODTS sample before actuation. Beams are 1500 pm long and are. .
curled u~due to stress gradi&t in the polysilicon film. The apparent shift in
fringe location from top to bottom is due to a small tilt of the reference plane
relative to the substrate.

Fig. 4(b)” Interferogram of FDTS sample before actuation. The beams are 1500-2000 pm
long and very nearly flat, as indicated by the lack of fringes.
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Fig. 5 Curvature of 1000pm beams from interferograms. The data matches very well

with simple beam theory assuming an external moment (due to the strain gradient)

is applied at each end of the beam.
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Fig. 6(a) Array of 25 ODTS-coated beams after first actuation.
increase by 20 pm increments from 1000 to 1500 pm.

Beam lengths in this array
The transition from arc

shaped beams adhered at their tips to S-shaped beams aclhered over a significant
portion of their length occurs at L,,= 1200 pm. (horizontal compressed 2.7X
relative to vertical)
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Fig. G(b) Array of FDTS-coated beams after first actuation. Beam lengths in this array
increase by 20 pm increments from 1500 to 2000 pm. Lrr=1700 pm. (horizontal
compressed 2.7X relative to vertical)
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abscissa) and deflections (left-hand abscissa) ofFig. 7. Linescan of fringes (right-hand
the1400 pm long ODTS-coated beam (6* beam from top of Fig. 6a) after initial
actuation. The measured deflection shape agrees very well with the shaped
calculated from theory, Eq. (1), as represented by the dashed line.
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Fig. 8 Adhesion of 8 individual beams vs. RH for ODTS and FDTS coatings.



Fig. 9(a)
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0

500 pm

FDTS coating, RH=80%, 10 hour exposure.
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Fig. 9(b) FDTS coating, RH=90%, 4 hour exposure

;>,

Fig. 9(c) FDTS coating, RH=90%, 7 hour exposure
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Fig. 9(d) FDTS coating, RH=95%, 30 hour exposure
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Ellipsometry results for water layer thickness vs. RH (10 minute equilibration
time)

Fig. 10
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Fig. 11. (a) Contact mode AFM image (10x 10 pm’) of ODTS-coated sample (polysilicon
landing pad area) revealing mounds of agglomerated material after exposure to
high RH. The mounds are easily displaced by the tip during the scanning (left to

right), producing several streaks in the image.
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Fig. 11 (b) Same as (a), but sample was not exposed to high RH. The contrast is due to the
roughness of the substrate. FDTS-coated samples that were not exposed to high
RH appeared the same.
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Fig. 12 (a) Contact mode AFM image (10x 10 pm’) of FDTS-coated sample (polysilicon
landing pad area) revealing mounds of agglomerated material after exposure to
high RH. Without exposure to high RH, the samples appeared the same as Fig.
n(b).

,
width (rim)

Fig. 12 (b) Linescan across a mound as designated by the gray line near the bottom of (a).
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Substrate

Fig. 13 Schematic of water nucleation in FDTS films

original mound of

coupling agglomerated bulk
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monolayer .:.:. .:.-
:. :...

.) . . . . . . . . . ,7~+) . . . . . . . . .

migrating coupling agent

(leaves hydrophilic surface behind)

Fig. 14 Schematic of defected FDTS surface after exposure to high RH.
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Fig. 15 Schematic of crack tip for FDTS surface after exposure to high RH.
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Fig. Al(a) beam after release with curvature due to strain gradient
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Fig, Al(b) beam is straightened by applying an extemd moment Mo.
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(c)

Fig. Al (c) S-shaped beam and associated moment diagrams with Ostrain gradient (solid line)

and with an internal strain gradient (dashed line).
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