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Reduction of adhesion and friction of silicon oxide surface
in the presence of n-propanol vapor in the gas phase

K. Strawhecker®, D.B. Asay®, J. McKinney® and S.H. Kim®"*

“Department of Chemical Engineering, The Pennsylvania State University, University Park, PA 16802, USA
bMaterials Research Institute, The Pennsylvania State University, University Park, PA 16802, USA
‘REU Student from Department of Chemical Engineering, University of South Carolina, USA

Received 15 April 2004; accepted 4 July 2004

The equilibrium adsorption of gas phase alcohol molecules has been proposed as a new means of in-use anti-stiction and
lubrication for MEMS devices. Adhesion and friction of silicon oxide surfaces as a function of n-propanol vapor pressure in the
ambient gas were invesitigated using atomic force microscopy. As the vapor pressure increases, the adsorbed n-propanol layer
thickness increases. The adhesion and friction significantly decrease with very little addition of n-propanol vapor.
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1. Introduction

One of the main challenges preventing wide scale use
of microelectromechanical system (MEMS) devices is
obtaining fully conformal, continuously replenishing,
low-friction coating layers on the device surface that will
not interfere with the device function or performance [1].
Most approaches published in the MEMS lubrication
literature rely on solid phase lubrication utilizing hard
coatings such as diamond-like carbon [2,3], carbides
[4,5], nitrides [6] and oxides[7] or hydrophobic organic
coatings such as self-assembled monolayers (SAM) [8.9].
Although these approaches have made significant
improvements in conformal coating and reduction of
friction as well as reduced wear in laboratory tests, they
have technical limitations relating to their durability.
Solid lubricant coatings and SAMs have been shown to
wear off during MEMS operation [10,11]. What is ab-
sent in these thin film lubrication systems is the capa-
bility for continuous replenishment of the lubricating
layer. In fact, the continuous replenishment of lubri-
cating layers has been the key feature of the conven-
tional lubrication approaches using viscous liquids.
Unfortunately, the viscous nature of the liquid lubricant
causes power dissipation making their usage in MEMS
devices undesirable.

This study explores the use of equilibrium adsorption
of gas-phase lubrication molecules on the solid substrate
as a new means of MEMS device lubrication. The
surface of all inorganic materials exposed to ambient
(humid) air is always covered with a thin layer of water
adsorbed from the gas phase [12,13]. The thickness of
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the adsorbed water layer varies with the humidity and
surface chemistry [14]. This water layer has been shown
to reduce wear in MEMS operation [15]. However, the
high surface tension of the water film can cause an in-use
stiction problem. The gas-phase lubrication concept
discussed in this paper employs the same equilibrium
adsorption principle as the water adsorption in humid
environments. The difference is that our approach
utilizes a ‘surfactant-like’ molecule that can provide low
adhesion and good lubrication.

This gas-phase lubrication approach eliminates the
power dissipation problem of the liquid-phase approach
without sacrificing advantages. The adsorption of gas-
phase lubricant molecules will occur on all surfaces
exposed to the gas phase molecules. The coverage of the
surface depends on the adsorption isotherm, which is a
function of pressure of the overlying gas and surface
chemistry of the substrate. This surface coverage will
readily occur even on so-called ‘buried’ interfaces as long
as the clearance of moving parts is larger than the mean
free path of the adsorbate molecules. Since the surface
lubricant molecules are in equilibrium with the gas
phase, the lubricant layer will be continuously replen-
ished. Because there is no bulk liquid between moving
parts, there is little resistance to the motion of MEMS
parts such as viscous drag. Another important feature of
gas-phase lubrication is that it can be employed inde-
pendently or in conjunction with other surface modifi-
cations [16].

Simple alcohol molecules can be used as a gas-phase
lubricant for MEMS devices. Small alcohol molecules
have vapor pressures high enough for gas-phase mass
transport. Depending on the operation temperature
range, different types of alcohol can be chosen. For low
temperature operation, small alcohol molecules would
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be appropriate (for example, the freezing temperature of
ethanol = —117 °C). Long alkyl-chain alcohols such as
n-octanol (boiling temperature = 196 °C) would be
suitable for high temperature operation. The amphi-
philic nature of the alcohol molecule provides unique
properties. The hydrophilic OH group provides good
adsorptivity [17] and solubility into water that may be
present at the device surface in ambient conditions. The
hydrophobic nature of the alkyl chain induces segrega-
tion of the alcohol molecules at the air-water interface,
forming a monolayer of alcohol with alkyl groups
pointing toward the air [18]. The structural ordering at
the air—water interface renders a low surface tension
even at a very low alcohol concentration in the solu-
tion[19] which resolves the in-use stiction problem. In
liquid phase lubrication studies, alcohols have shown
good lubrication and anti-wear properties for silicon
oxide and silicon nitride surfaces [20]. The presence of a
few layers of alcohol at the MEMS surface does not
interfere with optical reflection or electrical contact of
devices, which is an important aspect for MEMS device
operations.

In this paper, we investigate the effect of the equi-
librium adsorption of n-propanol at room temperature
on the adhesion and friction of silicon oxide surfaces
using atomic force microscopy (AFM). When the clean
silicon oxide surfaces are exposed to the n-propanol
containing gas, it is found that their adhesion and fric-
tion decreases immediately even at low n-propanol
partial pressure. This result is much different and sig-
nificant compared to the effect of the water adsorption
that increases adhesion and friction of the silicon oxide
surfaces.

2. Experimental

Figure 1 shows the schematics of the apparatus used
for adhesion and friction measurement as a function of
the gas-phase alcohol concentration. The gas composi-
tion is controlled by adjusting the ratio of dry argon
flowrate to the saturated n-propanol/argon flowrate.
The mixture of argon and saturated n-propanol vapor is
produced by flowing dry argon gas through a heated
bubbler containing n-propanol (EM Science, 99.95%)
and a condenser held at the experimental temperature.
The purpose of the condenser is to remove any super-
saturated alcohol vapor from the argon gas flow, leaving
only argon with saturated alcohol vapor at the experi-
mental temperature. This eliminates bulk liquid con-
densation on the experimental surfaces and apparatus.
The AFM experiments performed in this work were
done using a Molecular Imaging PicoSPM head and a
RHK Technology controller. All measurements were
made at room temperature. This temperature was
maintained throughout the experiment. The substrate
was cleaned with a piranha solution (H;SO4/30%—
H,O, = 70/30) followed by UV-ozone cleaning and
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Figure 1. Schematic diagram of the gas-handling system and the
environment-controlled AFM chamber. The n-propanol partial pres-
sure is controlled by varying the ratio of dry Ar and n-propanol
saturated Ar gas flow rates. The n-propanol saturated Ar gas stream is
generated by flowing Ar through a heated bubble followed by a
condensor held at room temperature (which converts the vapor from
super-saturated to saturated at the experimental temperature, thereby
avoiding bulk condensation of the alcohol in the experimental system).
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heating to 300°C. A silicon tip (force con-
stant = 2.2 N/m and 4.5 N/m; nominal tip diame-
ter = 20 nm) covered with a native oxide layer was
cleaned with the UV-ozone treatment. The sample and
tip were maintained in the environmental chamber
during the AFM experiment. Adhesion force was
determined from the pull-off point of the force—distance
(f—=d) curve. Friction force was determined from the
lateral force hyteresis in the left and right scans of the
contact mode operation. In order to minimize experi-
mental artifacts due to uncertainty in tip diameter and
AFM tip aligning, the measured adhesion and friction
forces were normalized to the initial adhesion and fric-
tion force values measured with dry argon flowing pre-
vious to each experiment.

The adsorption isotherm of n-propanol was measured
using a quartz crystal microbalance (QCM) and atten-
uated total reflection infrared (ATR-IR) spectroscopy,
while varying the partial pressures of n-propanol in dry
Argon. The experiment was performed at room tem-
perature. The QCM was directly mounted in the envi-
ronmental chamber. In QCM monitoring, the adsorbed
film thickness was calculated from the Sauerbrey equa-
tion using the observed frequency decrease and the
density of n-propanol liquid [21]. The vent gas from the
environment-controlled chamber was passed through a
sealed Ge ATR cell. In ATR-IR monitoring, the film
thickness was calculated by comparing the observed
peak intensity with the ATR-IR spectra of n-propanol
liquid and the effective penetration depth of the ATR-
IR experiment at a given wavelength [22]. The QCM and
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ATR-IR experiments were carried out separately from
the AFM measurements.

3. Results and discussion

The active control of the n-propanol partial pressure
was confirmed by monitoring the adsorption isotherm
characteristics of n-propanol. Figure 2 shows the
thickness of the n-propanol layer, measured with two
different techniques, at various n-propanol relative
partial pressures. The inset shows the C—-H and O-H
stretching vibration peaks of the adsorbed n-propanol
layer, which are in agreement with those of liquid
n-propanol. The observation of the bulk condensation
(steep rise in thickness, especially in the QCM data)
when the chamber is completely flushed with the gas
from the n-propanol bubbler confirms that the gas flow
system used in this experiment does generate the satu-
ration vapor pressure. The reason that the thickness
calculated from the ATR-IR data is lower than that
from the QCM data might be due to slight temperature
difference between the environment-controlled chamber
and the ATR-IR unit. The observed trend of the
n-propanol film thickness as a function of partial pres-
sure is consistent with the general characteristic of the
alcohol adsorption isotherm observed for other systems
[23-25]. However, it should be noted that the thickness
data shown in figure 2 are measured for gold (in QCM)
and Ge (in ATR-IR) substrates. The actual n-propanol
thickness on the clean, hydrophilic silicon oxide surface
would be slightly larger than those on gold and Ge
surfaces [25].

The n-propanol adsorption from the gas phase
significantly decreases the adhesion force between the
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Figure 2. Thickness of the adsorbed n-propanol layer measured with

(m) QCM and (¢) ATR-IR as a function of n-propanol partial

pressure. It should be noted that the QCM measures the thickness on a

gold surface and the ATR-IR measures that on a Ge surface. The inset

shows the C-H and O-H stretching region of the n-propanol adsorbed

on the Ge-ATR crystal. The saturation vapor pressure on n-propanol
is 21.2 Torr at room temperature.
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silicon oxide surfaces measured with AFM. Figure 3
reports the pull-off force measured with a single tip
(2.2 N/m) at various n-propanol partial pressure in the
gas phase. The adhesion force drops by 40%, compared
to the dry Ar case, upon increase of the n-propanol
partial pressure from zero to 10% and then decreases
slowly upon further increase of the n-propanol partial
pressure. The large decrease at only 10% of the n-pro-
panol saturation partial pressure indicates that a few
monolayer thick n-propanol film is sufficient to reduce
the adhesion between the silicon oxide surfaces. This
behavior is in sharp contrast to the relationship between
the adhesion force and the water adsorption isotherm.
In the case of water, the adhesion force increases several
fold when the relative humidity increases from zero to
50% [26,27]. We have observed the same increase trend
upon increase of humidity in our system [data not
shown].

This difference could be attributed to the amphiphilic
nature of the alcohol. In the case of water, the free OH
groups at the surface of the adsorbed water layer on the
substrate can form hydrogen bonding with their coun-
terparts on the AFM tip, which will cause high adhesion
force. In the case of n-propanol, the OH groups have
strong interaction with the substrate surface [28] and the
hydrophobic propyl groups are likely to be exposed at
the air interface of the adsorbed layer [18]. In this
structure, the hydrogen bonding interaction between
two n-propanol layers adsorbed on the substrate and the
tip will be very small, leading to much smaller adhesion
force.

The n-propanol layer in equilibrium with the gas
phase reduces the friction between the silicon oxide
substrate and AFM tip. Figure 4 plots the lateral force
signal (which is directly proportional to the friction
force) versus applied normal load at various n-propanol
partial pressures. All of the data in figure 4 were acquired
with a single tip (4.5 N/m) without disturbing the
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Figure 3. Pull-off force (adhesion force) measured with AFM as a
function of n-propanol partial pressure. The data are normalized to the
dry Ar case which is measured before the n-propanol exposure. Data
are acquired with a single tip (2.2 N/m).
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Figure 4. Lateral force (friction force) measured with AFM as a

function of n-propanol partial pressure. The lateral force signal was

recorded as the normal load decreased from 100 to 0 nN. Data are
acquired with a single tip (4.5 N/m).

cantilever, laser, or detector alignments, while the
n-propanol partial pressure was increased from zero to
its saturation value. As in the adhesion case, the friction
force significantly decreases upon initial increase of
n-propanol vapor pressure from 0 to 25% of the satu-
ration pressure. Further increase in the n-propanol vapor
pressure results in a gradual decrease in friction force,
which seems to level off at the higher partial pressures of
75 and 100%. This sharp decrease of the friction force
upon introduction of n-propanol vapor into the gas
phase is very promising for MEMS lubrication applica-
tions. In the case of water, the friction force at low
humidity is reported to be higher than that at the dry
condition [27,29,30]. These results indicate that unlike
the water adsorption, the n-propanol adsorption can be
used for lubrication of the silicon oxide surface.
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Figure 5 displays the slope and y-intercept of the
friction-versus-load curve (of figure 4) as a function of
the n-propanol partial pressure. The slope corresponds
to the friction coefficient and the y-intercept defines the
adhesion-induced friction at the zero applied normal
force. It illustrates that the formation of the n-propanol
layer on the silicon oxide surface reduces the friction
coefficient significantly. It should be noted that the trend
of the friction force change is very close to that of the
adhesion force (figures 3 and 5). Both friction and
adhesion forces show initial large decrease upon intro-
duction of n-propanol vapor followed by a small
decrease upon further increase of n-propanol vapor. The
decrease of adhesion force (figure 3) results in lower
friction force at zero normal load (figure 5(b)), which is
consistent with the JKR theory [31] and shows that at
low loads the frictional force varies with load in pro-
portion to the contact area that is in turn a function of
adhesion force. The decrease of the friction coefficient
(figure 5(a)) must be related to the lubrication effect of
the adsorbed n-propanol molecules.

The friction coefficient and the friction force at zero
normal load were also measured, while the n-propanol
partial pressure was decreasing from the saturation to
zero and these data are also shown in figure 5. It should
be noted that upon decrease of the n-propanol partial
pressure from the saturation vapor pressure to zero, the
friction coefficient and the zero-load friction force in-
crease close to — but not much higher than — its initial
values. If the AFM tip became worn and dull during the
friction force measurement, the zero-load friction force
would increase to a value higher than the initial value
since the tip contact area would have increased [31]. This
is not the case in our experiment, and indicates that
there is little or no tip wear during the contact mode
scan in the n-propanol vapor environment. In a scan-
ning electron microscope experiment, the tip diameter of
a Si tip (coated with a native oxide layer) is found to be
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Figure 5. (a) Slope and (b) y-intercept of the friction-versus-load curve as a function of n-propanol partial pressure. Filled squares are data taken
at increasingly larger constant partial pressures, and open circles are data taken at decreasingly smaller constant partial pressures.
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less than 50 nm after the wear test in the saturated »-
propanol vapor, while it is increased to ~350 nm after
the wear test at the same applied load (135 nN) in the
humid air environment [32]. The lower friction coeffi-
cient and lower zero-load friction force upon returning
to dry Ar environments might be an indication of some
residual n-propanol molecules strongly bound to silicon
oxide surfaces. If n-propoxide groups are formed, these
would not be removed from the surface by simply
lowering the n-propanol vapor pressure at room
temperature.

Further experiments have shown that the results
discussed here are not limited to n-propanol, but that
other linear alcohols (ethanol, butanol, and pentanol)
also produce similar results [32]. A deeper understand-
ing of the process and the conditions necessary for the
minimization of adhesion, friction, and wear of the de-
vice surfaces should take into account the surface
chemistry of the adsorbed molecules as well as the
equilibrium adsorption isotherm, which will be the
subject of future publications. The utility of this work
lies in the application of n-propanol (or, in general, any
lubricant molecules which will easily adsorb on sub-
strates from the gas phase) to the surfaces of devices
where the moving parts have a large surface-to-volume
ratio. This can easily be done for MEMS devices oper-
ated in an environment-controlled system. In the case of
hermetically sealed MEMS devices [33], one can achieve
the vapor phase lubrication by enclosing a small amount
of liquid or a material that can emit lubricant vapor
(opposite to a ‘getter’ demonstrated in ref. [34]).

4. Conclusions

The AFM study of the effect of the n-propanol vapor
in the gas phase on the adhesion and friction of silicon
oxide surfaces shows very promising results. Unlike the
water vapor exposure (humid air), the adhesion force as
well as the friction force and coefficient decrease
immediately upon introduction of n-propanol vapor
into the gas above the substrate surface. This phenom-
enon can be used to develop a gas-phase anti-stiction
and lubrication process suitable for MEMS device
operation.
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