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Abstract The crack healing rates of polycrystalline sili-
con microcantilevers in contact with a substrate are mea-
sured in n-pentanol vapor at different partial pressures, p/
ps- The absolute value of the slope of the logarithmic av-
erage crack healing velocity v versus the energy release
rate G, |d[log(v)]/dG|, is constant and decreases with in-
creasing p/ps. The slope dependence on p/p is equivalent
to that in a water vapor environment. This slope is inde-
pendent of p/p, in glass stress corrosion cracking ex-
periments due to chemical kinetics, while the present
experiments reflect a capillary bridge nucleation mechan-
ism across nanometer-scale gaps created by surface
roughness. Equilibrium measurements of adhesion versus
p/ps are also compared for n-pentanol and water vapor. For
plps < 0.5, adhesion is comparable for the two vapors,
while for p/ps > 0.5, adhesion in water vapor is ap-
proximately twice that in n-pentanol vapor. At lower p/p;,
this is explained by the larger Kelvin radius and the larger
adsorbed layer thickness of n-pentanol. This combination
enables larger asperity gaps to be bridged by capillary
liquids. At higher p/p,, adhesion in water vapor is larger
because the work of adhesion of capillary bridges becomes
twice that of n-pentanol.
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1 Introduction

Adhesion and friction due to surface forces constitute im-
portant performance and reliability concerns at the micro-
and nanoscales [1-5]. Alcohol vapors that condense into
lubricious oligomers [6, 7] or simply an adsorbed lubricant
layer [8] have recently been proposed as a means to
eliminate wear between rubbing surfaces in polycrystalline
silicon (polysilicon) micromachined surfaces. While the
vapors provide a highly beneficial effect, liquid bridges
may condense in the interface and the associated capillary
forces may cause the contacting surfaces to adhere,
thwarting rubbing motion. Therefore, it is important to gain
insight into factors that influence the conditions under
which this proposed solution will operate. These include
the vapor partial pressure, the surface roughness and
the temperature. The understanding gained may also be
relevant to commercial microelectromechanical system
(MEMS) products such as digital mirror devices and in-
terferometric modulator displays [9] in which capillary
action can potentially affect operation.

Polysilicon can be considered to be a technical ceramic.
With respect to adhesion, it is well known that slow crack
propagation and crack healing occur in ceramic materials
due to environmental effects under subcritical loading
conditions. Many experiments have been conducted in
controlled environments to understand these phenomena by
presenting the data in the form of velocity (v) curves versus
energy release rate (G) or stress intensity (K) [10]. Double
cantilever beam (DCB) and double-cleavage drilled com-
pression (DCDC) specimens have typically been utilized in
the experiments [11].

Subcritical crack propagation has been observed in mica
[12] and soda lime silica [13] at different relative humidity
(RH) levels and in liquid water. In dry environment, cracks
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propagate at the critical energy release rate, G.. In a vapor
environment, for a given value of G < G, the crack ve-
locity increases as the RH level increases. Water vapor
molecules or adsorbed liquid molecules react with strained
Si—O-Si bonds at the crack tip and break the bonds to form
silanol groups [10, 11]. Reactions are enhanced by in-
creasing the RH and the stress, which leads to higher crack
velocities. In addition to water, various alcohols, such as
butyl, amyl, hexyl, heptyl, octyl, decyl and ethyl, have been
investigated [13]. The subcritical crack propagation-driv-
ing mechanism was still attributed to the presence of water
due to its high solubility in alcohols [11]. However, the
alcohol chain length increment caused a small crack ve-
locity decline [13]. In liquid water, cracks propagate at
even lower energy release rates [13]. Capillary condensa-
tion, observed by atomic force microscope (AFM) phase
imaging, has been directly associated with subcritical crack
propagation under applied load [14].

Cracks also tend to heal under various conditions. One
common method to induce crack healing is simply by un-
loading a specimen. Healed interfaces have then been
studied to understand crack behavior upon re-propagation
[12, 15]. Healing also occurs due to thermal annealing in
humid environments, which creates pinch offs [16] or
forms a ceramic gel structure in the interface [17]. Also,
cracks created by a Vickers hardness test in fluoride glass
healed at room temperature under humid conditions by a
corrosion deposition mechanism at the crack tip [18]. The
final states of the cracks at room temperature in [18] were
independent of the RH levels. However, RH levels affected
the kinetics of the healing mechanism.

One other mechanism to heal cracks is by capillary
condensation, where liquid capillary bridges apply attrac-
tive forces to close cracks [19-21]. While subcritical crack
propagation occurs in humid environments starting at min
G = ~200 (mJ/mz) [10], crack healing due to capillary
adhesion is limited to G < 2ypy (146 mJ/m? for water).
Hence, for the same environmental conditions, crack
healing or propagation can be observed depending on the
magnitude of the applied loads.

Experiments have recently been conducted to observe
the influence of water capillary bridge kinetics on the crack
healing rates of oxide-coated polysilicon microcantilevers
with nanometer-scale surface roughness [20, 22]. In this
paper, we measure the crack length of such microcan-
tilevers as a function of time at fixed n-pentanol partial
pressure. The water vapor content in the alcohol was sup-
pressed through the use of molecular sieves. We plot the
absolute value of the average crack healing velocity (V)
versus the energy release rate (G). We find that
|d[log(¥)]/dG| increases with partial pressure p/ps, similar
to water vapor [20]. Moreover, we compare the adhesion
energy per unit area of water and n-pentanol in equilibrium
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as a function of p/p,. It is observed that adhesion in n-
pentanol and water vapor is equivalent for p/p; < 0.5,
while adhesion in water vapor is approximately twice as
large for p/ps > 0.5. This is explained by considering the
work of adhesion contributions due to the capillary bridge
and the adsorbed liquid layer for each substance as a
function of p/ps.

2 Experimental Procedure

A microcantilever in contact with a substrate [3, 23] can be
considered as a fracture mechanics specimen analogous to
the DCB specimen. For this work, polysilicon microcan-
tilevers were fabricated at Sandia National Laboratories in
the SUMMIT V™ process [24] and then released by cri-
tical point drying at Carnegie Mellon University. As im-
aged by interferometry, twenty freestanding cantilevers of
lengths from 1050 to 2000 pm in 50-pm increments were
obtained from a given chip. As illustrated in Fig. la, the
height of the step-up support post is 4 = 1.8 um, the
cantilever width is w = 20 pum, and the cantilever thick-
ness is t = 2.5 um.

The freestanding cantilevers were placed in a load lock
chamber and O, plasma-treated such that they were fully
wetted by water or the alcohol. Samples adhered to the
substrate and assumed the S-shape as in Fig. 1b after
pumping down the chamber for plasma cleaning, similar to

(a) support post

side view of the microcantilevers

(b)

()

equivalent rough surface at the crack tip

Fig. 1 Cross-sectional schematic geometry of the microcantilever
a standing freely and b in the S-shape. ¢ Equivalent rough surface
schematic at the crack tip
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[25]. After plasma cleaning, the sample was transferred to a
main chamber under vacuum, which was then vented with
dry high-purity (99.995 %) nitrogen. A viewport window
in the main chamber enabled interferometric imaging of the
microcantilevers [26]. Cantilevers were then in contact
with the substrate beyond the crack tip at crack length s.
The cantilever beam deflection is [27]

w(x)h(;c)z(stx), (1)

which has the symmetrical “S”-shape.

It was previously shown that dry adhesion in these ex-
periments is sensitive to the presence of particles inter-
mittently produced by processing [28]. In the present work,
spontaneous crack healing at low p/p (<0.5) correlated
with the existence of low surface roughness (<2 nm root
mean square (RMS)) and with low surface particle density.
Having released, dried, and tested ~40 chips, we sum-
marize as follows. Cantilevers on chips with <2 nm RMS
roughness and low surface particle density adhered to the
substrate and assumed the S-shape while pumping down
the chamber for plasma cleaning. Their adhesion generally
increased at low p/ps (<0.5). Cantilevers on chips with
rougher surfaces or surfaces with only slightly higher
particle densities did not adhere during the plasma clean
and only exhibited spontaneous crack healing at higher p/p,
(=0.7). Crack healing was also previously reported only at
higher p/p, > 0.7, using samples of >2.7 nm RMS
roughness [29]. The n-pentanol and water vapor samples
reported below derive only from surfaces with <2 nm RMS
roughness and low surface particle density. The case of
ethanol vapor samples reported below is somewhat dif-
ferent, as will be explained in the discussion section.

Vapor was introduced, and partial pressure p/ps was
controlled by mixing dry and saturated vapor lines in a
nitrogen carrier gas using ball-type gas flow meters and
needle flow valves. Atmospheric water vapor is highly
soluble in alcohol solvents. Furthermore, at room tem-
perature, the vapor pressure of water, 22.3 mmHg, is sig-
nificantly higher than n-pentanol, which has a vapor
pressure of 1.9 mmHg. To minimize water content in the
saturated N, line, we placed 3 A molecular sieves into the
n-pentanol fritted bubblers and waited 24 h prior to the
experiment [30] to allow time for the water to be absorbed
by the molecular sieves. Crack healing data were recorded
after steady state p/ps was attained, which occurred within
~ 10 min after changing p/p, to a new level [20]. A similar
procedure was followed for ethanol.

Water vapor experiments were monitored by RH sensors
(Vaisala models HMT334 and HMP234). However, alco-
hols corrode the Vaisala sensors. We tested a commercial
chilled mirror hygrometer to monitor the p/ps of n-pen-
tanol. This technique is based on sensing reflected light

from a stainless steel surface. In principle, a condensed
liquid on the surface scatters light due to a high liquid
contact angle, with the reduced intensity indicating the dew
temperature. However, n-pentanol gave a low contact angle
on stainless steel. We applied various coatings to increase
the contact angle. This allowed flow calibration, but the
coatings degraded quickly in longer experiments. The
calibration data combined with experience from the water
vapor RH control nonetheless enabled good p/p, control for
the alcohols.

According to Eq. (1), near the crack tip, the nominal
separation between the counterfacing surfaces is less a few
nanometers over a distance of many micrometers; this
enables capillary bridge nucleation between opposing
asperities in the counterfaces, as schematically represented
in Fig. lc. The p/ps was increased to a desired level by
increasing the ratio of saturated to dry nitrogen introduced
into the chamber. For sufficiently high p/ps, spontaneous
crack healing was observed. This level was maintained
until no further change was detected and then increased to a
higher level. Phase-shifting interferometry [31] at 10-s
intervals enabled determination of s versus time for up to
20 microcantilevers. With a 5X objective (NA = 0.14), s
could be determined with £5.5 um (42 pixels) uncer-
tainty. With Young’s modulus E = 164 GPa [32], the en-
ergy release rate G (J/m?) of a given cantilever was
calculated according to [27]

3w
3 Results

In equilibrium, G =T, the adhesion energy per unit
area (equivalent to G, above). The value of I in dry ni-
trogen was from 0.025 to 0.040 mJ/m? (s = 840-746 pm).
These low values can be attributed to van der Waals forces
and are typical of dry rough interfaces in MEMS [33]. The
n-pentanol p/p, first was increased to 0.3, and after 10 min,
crack healing began. Eventually, healing occurred for 13
cantilevers out of 20. Examples are seen in Fig. 2a. Fig-
ure 2 plots the healing data for each p/p; level, and each
color represents the same cantilever throughout the figure.
Here, G is calculated from the measured value of s and
plotted against time. G is seen to increase from 0.02 to 0.04
to 0.03—0.08 mJ/m? over 250 min in Fig. 2a. The p/ps wWas
then increased to 0.5, and for some cantilevers, healing
events started within 30 s. Crack healing continued for
1000 min. As seen in Fig. 2b, G increased further to
0.1-0.2 mJ/m*. Again, 13 cantilevers responded to the p/pq
level; however, this time, some of the cantilevers that had
healed at the previous p/ps level did not heal, while some
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Fig. 2 Crack healing data over a) 0.10- - d) 1.20- p/p.=0.8
time for n-pentanol. Colored (@ 0.09 - p/p,=0.3 (d) s
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previously nonresponsive cantilevers responded for the first
time. A smaller increment to p/ps = 0.6 leads to fewer
cantilever responses as shown in Fig. 2c. With this step, most
of the cantilevers reached ~ 0.2 mJ/m>. However, at this
point, there were still cantilevers that had not healed since the
beginning of the experiment. All of the cantilevers did heal in
the next step at p/ps = 0.8. Here, G increases to 0.3—1.1 mJ/
m? over ~200 min, as shown in Fig. 2d. At p/ps = 0.9,
G climbed to 1-5 mJ/m” over ~ 60 min, as seen in Fig. 2e.
Finally, at p/ps = 0.95, G attained ~20 mJ/m? in a much
shorter time (35 min), as seen in Fig. 2f.

Next, the chamber was pumped to a medium vacuum
level of ~100 mTorr using a dry scroll pump for
~230 min. Vibrations precluded interferometry during this
period. However, after a nitrogen purge, the interferograms
in Fig. 3 show that cracks propagated in dry conditions.
Compared with the fully wet condition as seen in Fig. 3b,
the crack lengths are substantially longer in Fig. 3c at
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p/ps = 0. In our previous experiments in water vapor, can-
tilevers have always exhibited negligible crack propagation
upon reducing RH. This may be because once the cracks
heal, water molecules cause strong hydrogen bonding after
water—silicon dioxide interaction [15]. Similarly, fracture
mechanics measurements [34] have shown that precipitation
of water-soluble silicates can support stress across solid
silicate interfaces. Crack propagation in these n-pentanol
vapor-exposed cantilever specimens provides good evidence
that a low water content n-pentanol vapor environment was
been attained in the current experiments.

When the separation or healing process is considered to
be continuous, v—G curves are plotted, where v is the crack
velocity. Because within experimental resolution the crack
healing here is discrete in nature for most of the healing
events [20], we shall characterize the results with v — G
curves. Then the average crack healing velocity v is de-
fined as
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repropagation at p/p =0

Fig. 3 Interferograms of crack lengths under dry (p/ps = 0) a, fully
saturated (p/ps = 1.0) b and redried (p/p, = 0) conditions ¢

_ Sitn — §j
v (), ()
Here, s; is the crack length after j minutes, and s;, is a
resolvable shorter crack length that occurs after j + n min-
utes, and the “—” sign is used so that healing is a positive
quantity. The time Az is then n seconds. The G value is
calculated at the average value of s, that is, at s = (s; +
Si+n)/2. The first v is calculated for a given microcantilever
only after crack healing has initiated, i.e., 5; < Sinigial-
Results reflecting 20 different cantilevers at p/p; = 0.3,
0.5, 0.8, 0.9, and 0.95 are shown in Fig. 4. In each plot, v
decreases from ~10 to ~1073 pum/s, which reflects the
measurable crack velocity range in these experiments.
Qualitatively, v decreases with G, because increasing crack
opening force that develops as the crack heals becomes in-
creasingly difficult to overcome. The highest energy release
rate data points for each p /p, condition are values close to the
thresholds for crack healing and hence approach equilibri-
um. For p/p, = 0.3, the G range is from 0.02 to 0.05 mJ/m?,
as shown in Fig. 4a. At the upper value of 0.05 mJ/m?, the
capillary closing force is no longer strong enough to promote
further crack healing. At p/p; = 0.5,G values range from
0.07 to 0.20 mJ/m?, as plotted in Fig. 4b. At p/p, = 0.8,
G ranges from 0.07 to 0.98 mJ/m* as in Fig. 4c. At p/
ps = 0.8, the initial v is higher compared with other cases
because the p/p, increment (from 0.6 to 0.8) is high. In
Fig. 4d, e, G values from 0.8 to 4.2 and 5.2 to 20.2 mJ/m?
correspond to p/ps = 0.9 and 0.95, respectively. Besides
corresponding to increasing values of G for the same v range,
Fig. 4a—e illustrates that the slope |d[log(V)]/dG| decreases
as p/pincreases. Similar log-linear trends were observed in a

previous study with water [20] (to compare with plots in e.g.
refs. [10, 12] where crack healing is considered as negative,
the data in Fig. 4 should be mirrored about the x-axis). Fig-
ure 5 plots the best fit slope |d[log (V)] /dG]| versus p/p; for n-
pentanol and water vapor.

In addition to the crack healing experiments with n-pen-
tanol just described, we conducted experiments with water to
compare I values in equilibrium. Here, equilibrium is taken
to mean the G value after which no further crack healing was
observed. It is seen that some crack healing events in Fig. 2
occurred near the end of the time at given p/ps. This was
noticed only after the experiment was analyzed in detail.
Therefore, the I" values should be taken as a reasonable es-
timate. The adhesion I is plotted against p/p; in Fig. 6. The
red square data markers are from five representative can-
tilevers in the n-pentanol experiment. Water vapor data are
indicated by blue circle markers and were gathered from
three different chips. One of the data sets presents data from
three representative cantilevers at p/p; = 0.35, 0.54, 0.66,
0.72,0.77,0.85,0.92,0.97 and 0.99. A second data set shows
data from four representative cantilevers at p/p; = 0.34,
0.54, 0.69, 0.80, 0.87, 0.95 and 1.00. Additionally, the data
are displayed from five representative cantilevers at p/
ps = 0.61 and 0.88 taken from previous work [20]. The
dashed lines in Fig. 6 are meant as a guide to the eye.

4 Discussion
4.1 Crack Healing Experiments

Under thermodynamic equilibrium, the value of r¢ can be
found from the Kelvin equation [35],

YLvVm
= RTIn(p /) @

Here, r is the Kelvin radius, R, is the ideal gas constant, T
is temperature, p is the vapor pressure, p; is the saturated
vapor pressure, ypv is the surface tension at liquid—vapor
interface, and V,, is the molar volume of the liquid sub-
stance. The Kelvin radius is at the nanometer scale over a
wide range of p/ps.

G extends to increasing values in Fig. 4. As p/p in-
creases, lrgl increases, encouraging crack healing because
capillary bridges can nucleate across larger gaps. The slope
|d[log(¥)]/dG | in Fig. 4 is observed to be approximately
constant at a given p/ps, while at larger p/ps, the slope
decreases. These observations are similar to our previous
study with water vapor [20] made at RH = 0.605 and
0.875. They now extend over a larger range from p/
ps = 0.3 to 0.95. The Fig. 4 v versus G data exhibit large
scatter. This can be qualitatively explained by considering
(a) that nucleation is a stochastic process and (b) that

K
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Fig. 4 Average crack healing
velocity v as a function of
energy release rate G in n-
pentanol vapor. Different
cantilever responses are plotted
with different color and marker
types. a p/ps = 0.3, b p/

ps = 0.5, ¢ p/lps = 0.8, d p/

ps = 0.9, and e p/p; = 0.95.
The slope |d[log(V)]/dG]
decreases as p/p, increases
(Color figure online)
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asperities encountered as the crack heals are at different
heights. We have developed an extensive model that takes
the surface roughness into account and achieves reasonable
agreement with the crack healing rate data under wet
conditions [36].

An important observation is that in Region I of the glass
stress corrosion experiments [10, 11, 13] crack propagation
velocity v, increases with p/p, at the same K, but the
quantity d[log(v,))/dK is independent of p/p,. Because
GoK?, dllog(v,)]/dG is also independent of plps in the
stress corrosion experiments, while |d[log(V)]/dG| depends
strongly on p/pg in the present crack healing experiments.
The difference in this characteristic feature is strong evi-
dence that the underlying mechanisms are different. In-
deed, the stress corrosion experiments are dominated by
enhanced chemical kinetics at the crack tip, while the
present crack healing experiments reflect capillary bridge
nucleation kinetics.

The dependence of |d[log(V)]/dG| on p/p, for water and
n-pentanol in Fig. 5 is similar, suggesting that the capillary
bridge kinetics are strongly dependent on p/p,. Capillary
bridge nucleation requires exceeding an energy barrier,
which depends theoretically on the ratio of the local
asperity gap H to 2lrgl [37]. The capillary bridge nucleation
rate will increase with lower y;v and smaller H/2lrgl.
Comparing n-pentanol with water, y; y is smaller and lrgl is
larger at the same p/p,. This suggests that crack healing
should be faster for n-pentanol if the surface separation is
the same. However, as will be shown below, the work of
adhesion for n-pentanol is smaller than water. Apparently,
because a nucleated n-pentanol capillary bridge does less
work in healing the crack than a nucleated water capillary
bridge, the rates become roughly equal. It would be of
interest to explore this balance in greater theoretical detail.
The equivalence of the slopes is even more remarkable
considering that compared with the v versus G data for n-
pentanol, the data at the same p/ps are shifted to higher
G for water, as can be seen by comparing the data in
Fig. 4d with Fig. 4 in Ref. [20].

4.2 Equilibrium Adhesion Experiments
The Kelvin Eq. (4) can be written as a coefficient divided

by In(p/ps). This is done in Table 1 using the Vi, and y;y
values listed [38]. The resulting rg coefficient, which

Table 1 Water, n-pentanol and ethanol properties

Substance yrv (mN/m) Vin (Umol) ri coefficient (nm)
Water 0.073 0.018 0.53
n-Pentanol 0.026 0.108 1.15
Ethanol 0.023 0.058 0.54

depends on the product y; y Vi, is approximately a factor of
two greater for n-pentanol than for water.

For a sphere-flat geometry, with the assumption that the
sphere radius R > Irgl, the capillary force F. versus
sphere-flat separation H under thermodynamic equilibrium
can be found from the Laplace and Kelvin equations as

[39]
H } . (5)

F. = 4nR; ] F———
¢ = ALy €08 [ 2|rg|cos 0

Here, 0 is the contact angle between the meniscus and the
surface. Given that each sample received an oxygen plasma
cleaning, we take 6 = 0 in these experiments. This relation
is plotted in Fig. 7 using solid lines for n-pentanol and
water at p/p; = 0.6, assuming R = 100 nm (a measured
value, see following paragraphs). For H = 0, the maximum
force F_ is limited by yy. For F. = 0, the maximum value
of H extends to 2lrgl, which depends on the product y; v Vi,
and is proportional to the rx coefficient in Table 1. When
the gap is greater than 2lrgl, the capillary bridge vanishes
according to Eq. 5.

The existence of an adsorbed liquid layer, well known to
be present on clean surfaces in vapor environments [40—
42], clarifies how a liquid can bridge a gap H larger than
2lrkl [43]. With R > Irgl, this effect can be included in the
capillary force—displacement equation as [44]:

hg H
F.=4mnRy [ 1+—)cosO|l —-———— |,
‘ V”( |n<|> { 2(r] + hr) cos 0

(6)

where hy is the liquid film thickness. This relation is also
plotted in Fig. 7 using dashed lines for n-pentanol and
water at p/p; = 0.6 assuming R = 100 nm. The adsorbed
layer significantly increases both the maximum F, and the

2001 F.limited by v,
180 (Vmax — —waterh=1nm
\ == == n-pentanol h=1nm
160 N water h=0nm
N === n—pentanol h=0 nm
140 \
N\
= 120 N
=z N
£ 100t \
9] N
[

Hmax limited by

60 YuXV,,
40 |
20 -
[~ [ - -
0 i ; -
0 1 2 3 4 5 6
H (nm)

Fig. 7 Comparison of water and n-pentanol capillary forces (Eq. 5
and 6) as a function of H. Thin blue lines represent water, while thick
black lines represent n-pentanol. R = 100 nm and p/p; = 0.6 (Color
figure online)
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maximum H. The h; values derive from adsorption iso-
therms, depend on p/p,, and are taken from Refs. [40, 45]
for n-pentanol and water, respectively.

The work of adhesion of an individual capillary bridge,
W, corresponds to the area under the force—displacement
curve. For 6 = 0,

2(|rg |[+hr)

h H
W, = 4nRy.y (1 + —f>
|rk|

l——|dH
2(|rk| +hf)]

0

(7)

where H,) is the asperity-surface gap. If the gap is zero, this
equation simplifies to

We = 4nRypy (| + he) (3)

The roughness of the multi-asperity surfaces in this
work is on the order of Irgl. Increasing roughness reduces
capillary forces because the propensity for capillary
bridging is reduced [46, 47]. We scanned the upper and
lower counterfaces of the cantilevers using tapping mode
AFM. As shown in Fig. 8, there are deep grain boundary
grooves between the polysilicon grains that bias the op-
erative roughness. These grooves do not play a role
in capillary bridge nucleation, so only the intragrain

Fig. 8 AFM images of the
upper a, ¢ and lower b,

d counterfaces of the n-pentanol
experiment over 5 x 5 um>. a,
b 3D data plot of the
topography. ¢, d 2D data plot of
the topography

(@

L

(b)
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roughness was characterized. The RMS roughness for the
lower counterfaces was ~1.4 and ~ 1.8 nm for the water
and n-pentanol samples, respectively. Similarly, the RMS
roughness for the upper counterfaces was ~1.7 and
~ 1.8 nm for the water and n-pentanol samples, respec-
tively. While there is a small difference, the surface char-
acter on a given counterface is qualitatively similar. Also,
the dry condition adhesion values (Fig. 6 for p/ps = 0)
were nearly the same, and the cantilevers for both samples
assumed the S-shape after the plasma cleaning. An effec-
tive asperity radius R, of ~ 100 nm was found by fitting
the AFM topography data of the asperities into circular arcs
[48] for the water, n-pentanol and ethanol samples. Given
that multiple measures are similar, we assume that the
surface roughnesses in the n-pentanol and water vapor
experiments are equivalent.

For 0 < p/ps < 0.5, adhesion values in Fig. 6 for n-
pentanol and water are roughly the same, whereas for
p/ps 2 0.6, the adhesion in n-pentanol is less than in
water. A detailed analysis can be carried out, but is com-
plex [19, 49]. Here, we seek to provide physical insight.
For a given asperity gap Hy, the ratio of capillary adhesion
in n-pentanol vapor, W, to capillary adhesion in water
vapor, W, is

50 (nm)

(c)

(d)
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W,
Wratio = W(f\i/
I 2(|rk|[+h) H
[yLv(l + \r_li\) fHo o |:1 - 2(\r1d+hf)} dH]

p

h 2(|rx|+hr) H
[hv(l + m) Sy {1 - 2<|n<|+hf>] dH}w

©)

The hyvalues versus p/p, are shown in Fig. 9a. They are
taken from [40, 45], as measured and reported by the same
authors. The ratio in Eq. (9) has been calculated in Fig. 9b
for different values of Hy. For larger values of H, the ratio
rapidly diverges as p/ps decreases. This is because a liquid
can bridge the asperity gap in n-pentanol vapor (i.e., Hy-
< [lrgl + h¢lp), but not in water vapor (ie., Hp-
> [lrgl + h¢lw). In other words, the right side of the
triangular shape in Fig. 7 still contributes to adhesion for n-
pentanol, but not for water. As H, decreases, however,
Wiaio Temains less than one over a greater range of p/ps.
This is because the full triangle shape in Fig. 7 increasingly
contributes to the adhesion.

Although the roughness of the surfaces is small, the real
contact to apparent interface area is miniscule, likely less

(a) 3.0+

2.5+

=@ \Vater

={ii=n-pentanol

hf (nm)

0 0.1 02 03 04 05 06 0.7 08 09 1
p/p,

Ho=1 nm HO:Z nm H=3nm H0:4 nm

(b) 20-

1.5 1

H,=0 nm

0

0 0.1 02 03 04 05 0.6 0.7 08 09 1
p/p,

Fig. 9 a Adsorbed layer thickness as a function of p/p,. Data from
Refs. [40, 45], b Single asperity work of adhesion ratio of n-pentanol
to water (Eq. 9) as a function of p/p for different asperity gaps

than 107> [19]. Therefore, capillary bridges that span gaps
dominate the adhesion. There will be a large number of
nonzero gaps per unit area for any given H, value. At low
D/ ps, a significant number of gaps per unit area spanned by
bridges in n-pentanol vapor may contribute strongly to the
adhesion. These gaps cannot be spanned by bridges in
water vapor. Hence, the adhesion in n-pentanol vapor ap-
proaches that in water vapor. For higher p/p; values, larger
gaps can be spanned in water. Furthermore, W,,;, becomes
less than one, and hence, each capillary bridge contributes
more to the adhesion. Thus, the adhesion in water vapor is
greater than the adhesion in n-pentanol for p/p; = 0.5.
Moreover, the adhesion in n-pentanol is approximately half
that of water vapor. Hence, the value W, ~ 0.5 is seen
over a wide range of p/p; in Fig. 6.

At p/ps = 0.95, n-pentanol adhesion data in Fig. 6 are
unexpectedly higher than water experiments results. A
possible explanation is that the actual n-pentanol partial
pressure is higher than 0.95. Because no partial pressure
sensor was available for the alcohols, we controlled the
flow meter mixing ratios by eye. This was reliable for low
p/ps, but at high p/p, rg becomes very sensitive to small
errors. For example, for a 1 % difference in p/ps about 0.3,
rk changes by 0.03 nm, while for the same difference at
p/ps = 0.95, r¢ changes by 5.75 nm for n-pentanol vapor.
That is, a 1 % error in flow ratio imparts a negligible
change at low p/ps, but a significant change at higher
values.

Data were also taken for ethanol vapor. In that case, no
increase in adhesion was observed below p/ps < 0.8. Fi-
nally, after increasing p/ps to 0.9, adhesion began to rise,
but remained approximately a factor of five below that in
ethanol vapor. The chips that were used also exhibited
small particles that reached well above the nominal
roughness of the polysilicon, as seen in Fig. 10. These may
be SiC particles, which grow due to residual carbon in the
TEOS sacrificial layer [28, 50].

Fig. 10 AFM image of the upper counterface in the ethanol
experiment sample over a 2x2 um? area. Red circles indicate possible
SiC particles (Color figure online)
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We now wish to put the current work in perspective. An
important motivation for studying alcohol-induced capil-
lary adhesion is to help as a guide in applying vapor-phase
lubrication in MEMS. This method immediately supplies
lubricant through the gas phase to passivate contacting
areas [51]. Recently, Kim, Dugger and colleagues have
shown data indicating that alcohol-based vapors (ethanol
through pentanol, i.e., C2-C5) provide effective wear
prevention on a microscale MEMS tribology test structure
made of polysilicon [6, 7]. These results extended from
nanoscale oxidized Si asperities as measured by AFM to
macroscale quartz (SiO,) ball-on-flat linear wear tests in a
conventional tribometer. The present work provides addi-
tional information on the adhesion energy of nano-scaled
rough surfaces over a wide range of p/ps in vapor envi-
ronments. Minimizing the capillary adhesion will reduce
forces to initiate sliding in a MEMS device. Also, knowl-
edge of the kinetics of the capillary force development
helps in the design of a cycling or rotating device. For
example, at sufficiently high speeds, capillary bridges may
not nucleate, and therefore, components may not encounter
significant capillary adhesion.

Studies of measured friction coefficients on silicon sur-
faces using n-pentanol vapor-phase lubrication have been
reported in Refs. [7, 52]. Asay et al. [7] used a MEMS
sidewall friction technique at a nominal pressure of 20 MPa
to measure the friction of a silane-coated surface with p/p;
varying from 0.08 to 0.95 in nitrogen carrier gas. This
coating resulted in a 110° water contact angle that prevented
capillary bridging due to water vapor. Ku et al. [52] used a
MEMS tribometer at a nominal contact pressure of 8.47 kPa
with no surface treatment but with saturated argon. Friction
coefficients were ~0.20 and ~0.28 for the MEMS sidewall
and tribometer experiments, respectively. The difference
was attributed to dissimilarities in surface roughness and the
presence of a silane monolayer-coating in the MEMS
sidewall experiments [52]. The silane coating increases the
water contact angle; it may also increase the contact angle
of n-pentanol. Apparently, although the tribometer ex-
periments encounter a lower apparent contact pressure, a
higher friction coefficient was obtained due to n-pentanol
capillary forces. This implies that the capillary forces we
have studied in this paper may also have played a role in the
tribometer experiments.

Previous measurements indicated that adhesion force
increased as the number of cycles increased [6] for
p/ps = 0.15. This was attributed either to the rounding off
of asperities, or to interfacial soft oligomer accumulation.
Here, we find that except for very smooth surfaces, in the
absence of sliding, the rate of adhesion increase is rather
slow for contacting MEMS. For example, only a very small
difference in roughness for the ethanol surfaces suppressed
the effect of capillary action up to p/ps = 0.9. Surfaces as
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smooth as those examined here (<2 nm RMS) are relatively
uncommon for polycrystalline films. Therefore, we expect
that vapor-phase lubrication can effectively prevent wear
over a wide range of p/p, for rougher MEMS interfaces.
However, if a fixed amount of vapor is contained within a
package, p/ps increases rapidly as the temperature drops.
For example, for water vapor, if p/ps = 0.5 at 25 °C, it will
increase to p/ps = 0.93 at 15 °C, and hence, adhesion will
increase rapidly [53]. Bulk liquid water condensation occurs
at the dew point temperature of 13.9 °C. Hence, if tem-
perature is not well controlled, capillary condensation will
induce adhesion and may prevent sliding. Yet, if the vapor
contains no water vapor, once the temperature rises, the
adhesion may decrease again as indicated by Fig. 3c, and
hence, the performance may be recovered.

5 Summary and Conclusions

Polysilicon microcantilever crack healing experiments
were conducted in n-pentanol vapor at different partial
pressures. A plot of crack healing velocity, v, versus energy
release rate, G, reveals log-linear behavior, while the slope
|d[log(V)]/dG| decreases with increasing p/ps. The slopes
are similar to water experiments when compared as a
function of p/ps. However, |d[log(v)]/dG| decreases with
p/ps in crack healing experiments, while d[log(v,))/dG is
independent of p/p, in glass stress corrosion experiments.
This can be attributed to the different underlying
mechanisms—nucleation kinetics in the former and che-
mical kinetics in the latter.

At low p/ps, equilibrium adhesion values in n-pentanol
and water vapor are approximately equivalent, while at
higher p/ps > 0.5, the adhesion in n-pentanol vapor is half
that in water vapor. We rationalize these trends in terms of
the larger n-pentanol Kelvin radius and liquid layer ad-
sorption isotherms at low p/ps and the greater work of
adhesion of a water bridge at high p/p.

The cantilever response results presented here extend to
a relatively low p/ps of 0.3, where the Kelvin radii are 0.44
and 0.96 nm for water vapor and n-pentanol, respectively.
To obtain the results, smooth surfaces were required. Here,
the surface roughness of the top and bottom counterfaces
was between 1.5 and 2.0 nm RMS. Cracks attained their
shortest lengths when healed in vapor at p/ps = 1.0, cor-
responding to I' ~ 30 mJ/m%. When p/ps was subse-
quently reduced in n-pentanol vapor, the cracks propagated
until the adhesion approached a relatively low level of
~0.8 mJ/m>. In comparison, in water vapor, adhesion re-
duces from ~85 mJ/m? only to ~80 mJ/m? after cracks
have healed. This large difference may be attributed to the
lower solubility of silica in n-pentanol compared with
water.
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