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ABSTRACT

We provide experimental observations of the nucleation and growth of water capillary bridges in nanometer gaps between a laterally moving
atomic force microscope probe and a smooth silicon wafer. We find rising nucleation rates with increasing lateral velocity and a smaller sep-
aration gap. The interplay between nucleation rate and lateral velocity is attributed to the entrainment of water molecules into the gap by the
combination of lateral motion and collisions of the water molecules with the surfaces of the interface. The capillary volume of the full-grown
water bridge increases with the distance between the two surfaces and can be limited by lateral shearing at high velocities. Our experimental
results demonstrate a novel method to study in situ how water diffusion and transport impact dynamic interfaces at the nanoscale, ultimately

leading to friction and adhesion forces at the macroscale.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150276

. INTRODUCTION

The abundance of water in the atmosphere, biosphere, and
lithosphere of Earth and its inherent properties and forces enable
and contribute to countless natural phenomena.! When confined
to small spaces between solids, water becomes one of the main
drivers in processes observed in nature. This ranges from water
transport from root to leaf in plants”™* to molecule transfer of nutri-
ents or contaminants in porous soil,”® transport of natural gas in
coal- or shale-rich rocks,”” "’ volcano formation in tectonic subduc-
tion zones,'’ or metal ore deposit formation by hydrothermal flow
of water through pores and cracks in geological formations.'” The
presence of water in vapor phase or as adsorbed liquid films on
surfaces has also been a challenge'' "’ and solution'*"” for engi-
neering projects throughout history. The resulting adhesion and
friction forces in sliding contacts were first mentioned by Charles-
Augustin de Coulomb in his pioneering work “Theory of Simple
Machines” (1821), noting the contribution of adhesion to friction as
well as the growth of static friction force with increasing contact time

between two bodies.'“”"” Recent tribological studies emphasize the

importance of water in controlling capillary adhesion, friction, and
wear at silicon interfaces.'**’"*> Multiple factors influence the for-
mation, growth, size, and force of capillary bridges, such as contact
size, local gap size”* " in the contact interface, contact time,” ' lat-
eral and vertical velocities,””° material properties (e.g., hydropho-
bicity”” and roughness®), and environmental factors, including
relative humidity,”” "' temperature,”” and pressure.*’

When two surfaces are brought within a critical distance
to each other, chains of water molecules with a nanoscale vol-
ume can condense from the vapor phase through Knudsen
diffusion””*' —diffusion in which the mean free path is interrupted
by the system walls—and form connections across the interface.”’
The negative Laplace pressure inside such capillary bridges, together
with the surface tension, pulls the two surfaces toward each other.
This attractive force induced by water capillary bridges contributes
to the externally applied contact force and, therefore, impacts the
load-controlled friction force.”””**>* Atomic Force Microscope

N

(AFM) and tuning fork experiments>*® have shown that capil-
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lary bridge nucleation is a thermally activated and, thus, stochastic
processw’ IS4 that requires an average activation time. Experimen-
tally measured activation times and energy barriers>*"** as well as
analytical predictions indicate that a freshly nucleated water bridge
has a volume of just a few cubic nanometers. Subsequent to nucle-
ation, the water bridge grows via vapor diffusion, Knudsen diffusion,
and adsorbed water layer thin film flow'"*** until a steady cap-
illary bridge volume is reached. While previous experiments have
suggested that lateral sliding plays a crucial role in the steady-state
capillary bridge size and, with that, its adhesion,” it has been exper-
imentally challenging to observe the influence of lateral velocity
on the two-step process of nucleation and growth to a full-sized
capillary bridge. The bridge growth following the nucleation of a
capillary remains especially elusive and difficult to observe in situ
under dynamic conditions.

We developed a novel AFM scanning technique to observe
in situ the nucleation and growth of nanoscale capillary bridges at
a laterally moving interface. We are able to reach lateral displace-
ments of up to 5 ym with velocities ranging from 1 to 200 ym/s while
maintaining a sub-nanometer precise gap between the AFM probe
and the silicon (Si) wafer sample. We show that smaller tip-sample
distances lower the activation time for capillary bridges, which
then grow within 1-10 ms—at a tip-sample distance-independent
rate—to their final size, which generates 1-10 nN adhesion forces.
Surprisingly, the lateral motion reduces the measured activation
times for capillary nucleation, which may be attributed to the inter-
play between gas diffusion and lateral velocity. These insights con-
tribute to a predictive understanding of the dynamics that dictate
capillary adhesion.

Il. MATERIALS AND METHODS

For the experimental observations of nucleation, growth, and
steady-state adhesion behavior of water capillary bridges as a func-
tion of lateral velocity and gap size, a Bruker Innova™ Atomic
Force Microscope (AFM) was used in Lift Mode. Both the probe
and substrate are made from silicon, with a native oxide layer
of a few nanometers on the surface. The oxidized silicon cho-
sen as a model system is representative of single asperity con-
tacts in, e.g., semiconductor devices. To combine a defined contact
geometry with accurate control over tip-sample distance and adhe-
sion measurements, relatively stiff AFM probes (silicon Bruker
RTESPA300-30 AFM probe, tip radius r = 30 nm, cantilever stiffness
C = 38-43 N/m) formed a dynamic interface with a piece of a sili-
con wafer (University Wafers, test grade, rms roughness ~140 pm,
2 x 0.5 um®). We chose silicon wafer samples not only because
such surfaces are important, for instance, in MEMS and NEMS
technology—where capillary condensation and adhesion can deteri-
orate performance—but also to avoid any significant deviation from
the set Lift Mode height (tip-sample distance) during higher lateral
velocities. The smoother the substrate is, the easier it is for the AFM
tip to follow the recorded topography with an offset at high velocity.
Given that the expected range of adhesion forces for the nanoscopic
tip-on-sample contact is just a few nanonewtons, the stiffness of the
cantilever will result in a vertical deflection in the tens of picometer
range. Thanks to the gold coating on the backside of the cantilever,
this small change in deflection is still reliably detectable, while the
change in the tip-sample distance due to the downward bend does
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not exceed more than 0.1 nm. The Lift Mode technique, often used
for magnetic, surface charge, or conductivity measurements,:” <1 uti-
lizes the Z-direction (normal to the interface) piezo of the AFM
scan head to impose a well-defined distance between the sample
and the AFM-probe during lateral scanning. The surface topogra-
phy is recorded in contact mode with a set point of ~22 nN during
the trace scan (tip moves from left to right, 100 nm to 5 ym).
After completing the trace scan, the probe retracts from the sam-
ple surface to a separation height (tip-sample distance) of 50 nm,
which will rupture any capillary bridges formed between the tip and
surface during the topography scan. Afterward, the probe is low-
ered to a selected tip-sample distance and retraces the previously
recorded topography on the same line but with the chosen Z-offset,
maintaining a constant gap between the tip and the sample with
sub-nanometer precision, even on surfaces with nano-roughness.
Every Lift Mode measurement at a chosen velocity and tip-sample
distance consists of 64-128 lines, with each line representing an indi-
vidual capillary bridge formation attempt. A typical retrace scan
with observable nucleation in each backward line can be seen in
the inset of Fig. 1. Each line shows the activation time to nucle-
ate a capillary bridge (yellow in the color bar). Once a bridge is
formed and grows, the vertical bending of the cantilever increases
quickly, and the retrace line transitions from yellow to blue in
the color scale.

To investigate the influence of lateral velocity on the growth
of capillary bridges, Lift Mode scans were performed with scanning
velocities ranging from 0.2 to 200 ym/s at three distinct tip—sample
distances of 0.2, 0.7, and 1.2 nm. A separate set of experiments with
three lateral velocities of 10, 30, and 50 ym/s focused on the influence
of separation gap distances between 0.4 and 2.0 nm. Force-distance
measurements were performed at regular intervals during the exper-
iments to check for tip wear and to calibrate the tip—sample distance.
The measured adhesion forces stayed in the expected range for a
30 nm radius tip, suggesting very little negligible wear through-
out the experiment set. The distance of zero was defined as the
z-position at which the adhesive and repulsive forces acting on the
cantilever during tip-sample contact cancel each other out and no
vertical bending can be observed.*” All velocity and distance mea-
surements were performed in a randomized order. Other influential
factors, such as temperature (22 °C) or humidity (~50% RH), were
kept stable during experiments.

I1l. RESULTS AND DISCUSSION
A. Nucleation

The Lift Mode experiments (Fig. 1) uniquely enable record-
ings of the nucleation, growth, and stabilization of a water capil-
lary bridge at the interface between the oxidized silicon AFM tip
and substrate. Knowing the lateral velocity, the sliding and hov-
ering distances measured can be converted to time. The average
activation time—defined as the time the tip hovers over the sub-
strate before a change in adhesion is detected—strongly depends
on the tip-sample distance [Fig. 2(a)]. The nucleation occurs
faster at smaller tip-sample distances. The nucleation of a cap-
illary bridge is a thermally activated process with an activation
energy given by*

AE(h) = kgT In (ps/p)Ahp, (1)
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FIG. 1. Working principle of the Lift Mode measurements. After measuring the sample topography in contact mode during the trace, the tip is retracted and approaches
the sample again. The tip then retraces the recorded topography from right to left with a defined lateral motion velocity and tip—sample distance. The schematic at the top
shows the steps of capillary bridge nucleation and growth. The graph shows the recorded vertical deflection of a single retrace line (right to left) at a velocity v of 50 um/s
with a tip-sample distance of 0.8 nm. After activation time 75, water molecules from the surrounding atmosphere nucleate into a capillary bridge, which quickly grows to its
steady-state size. Its capillary adhesion force bends the cantilever toward the sample surface, resulting in a measurable negative vertical deflection in the picometer range.
The inset shows a typical vertical deflection retrace scan image, where each scan line represents an individual nucleation event. The vertical deflection is proportional to
the adhesion force; initially, the traces show no adhesion (yellow), but as a capillary bridge nucleates and grows, so does the adhesion (blue).

where kp is the Boltzmann constant, T is the temperature, (p,/p) is
the partial pressure of water in the environment, also referred to as
the relative humidity, A is the in-plane area of the nucleated cap-
illary bridge, h is the height (tip-sample distance) of the nucleated
capillary bridge, and p is the number density of liquid water. The
activation time required to successfully nucleate a water capillary
bridge is, therefore,*

14(h) = 79 exp [AE(h)/(ksT)], (2)

where 7y is a pre-factor that can be translated into an attempt
frequency of 1/7o with values between 1 and 300 GHz.'>"" The
broad range of attempt frequencies reported in the literature indi-
cates that a quantitative comparison between Eq. (2) and experi-
ments remains challenging. Rather than nucleation time, the inverse
nucleation time or nucleation rate (1/7,) is often reported in the
literature.””"””* In agreement with both the thermal activation
model and previous experimental studies, we find an exponen-
tial increase in activation time with tip—sample distance, measur-
ing typical activation times in the millisecond regime [Fig. 2(a)].
The key advantage of Lift Mode experiments is that, next to
tip-sample distance, the tip velocity can be controlled, allowing
us to address the previously unanswered question of how lateral
motion influences the capillary bridge nucleation process. Con-
tact mode AFM experiments have demonstrated that lateral veloc-
ity can, indeed, strongly impact capillary adhesion; the growth
of capillary bridges is hindered above a critical sliding veloc-
ity.” Surprisingly, we observe the opposite for the nucleation of
capillary bridges: the nucleation rate rather increases with rising

velocity [Fig. 2(b)]. This counterintuitive behavior is further empha-
sized by a second set of experiments in which the tip velocity
was systematically varied for three different tip-sample distances
[Fig. 2(b)].

A possible explanation for the lower activation times with
increasing velocity originates in the main diffusion process” respon-
sible for nucleation. The mean free path of water molecules in the
vapor phase (130 nm in ambient conditions) is at least an order of
magnitude larger than the nano-sized separation gaps in the per-
formed experiments, resulting in Knudsen numbers—describing the
ratio of the gap to the mean free path®>*—K,, between 25 and 300.
The diffusion is, therefore, mostly controlled by the collisions of
molecules with the adsorbed water layers on the tip and sample
surfaces.** Thus, with decreasing tip-sample distance, the Knudsen
diffusion coefficient rises.”"”” Water molecules diffusing toward the
tip-to-sample interface are assisted by the lateral motion of the tip
at the leading edge of the interface. By moving into the pathways
of water molecules and additionally reducing the interface gap for
the next collision (see Fig. 3, dashed lines), the induced pressure
gradient is further increased, and the inward flux of water vapor
rises. This may then increase the water capillary bridge nucleation
rate with lateral velocity. The model calculations have indicated that
the time required to Knudsen diffusion from the perimeter of an
AFM tip-on-flat contact to its center is of the order of 1-100 ms,
while the typical Knudsen length over which this diffusion takes
place is 50 nm.”* The ratio of this length to the time scale matches
the experimental velocities (50-5000 pm/s), making an interplay
between Knudsen diffusion, lateral velocity, and nucleation rate
plausible (Fig. 4).
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FIG. 2. Activation time as a function of tip-sample distance and lateral motion velocity. (a) Activation time decreases approximately exponentially with smaller distances to
the sample for all three measured velocities. Inset: A comparison of the nucleation rates (1/z,) of three velocities with values from Sung et al.*” showing the influence of
lateral velocity on the nucleation process. (b) Activation times at tip-sample distances of 0.2, 0.7, and 1.2 nm with lateral motion velocities up to 200 ym/s. The error bars

reflect the standard deviation of the observed activation times.

Si'wafer

FIG. 3. The path of a water molecule is controlled by the collisions with the
adsorbed water layers at the interface. Knudsen diffusion creates a vapor pressure
difference (red gradient). By moving the probe laterally (dashed line), the diffusion
of water molecules toward the apex of the tip is enhanced at the leading edge of
the interface.

B. Growth and stabilization

To understand the relative importance of the two separate
processes of capillary nucleation and growth™ in generating the
observed adhesion forces, we further analyze the water volumes
involved in the nucleation and growth processes. Based on the typ-
ical measured activation times of 1-100 ms, the capillary nucleus
volume according to Eq. (1) is 0.5-2 nm?, with a capillary area A
estimated to be of the order of the size of a few water molecules:
0.05-4 nm”. A rough estimate of the adhesion force generated by
such a small capillary bridge can be obtained by taking the prod-
uct of A and the Laplace pressure difference, which is given by the
ratio of the water surface tension to the Kelvin radius. The estimated
values for A, based on the measured activation times, thus trans-
late into adhesion forces of 0.001-0.3 nN. This is small compared

D
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FIG. 4. Growth and steady-state volume of capillary bridges at different tip~sample
distances. The estimated steady-state volume of capillary bridges increases
approximately linearly with tip-sample distance. Inset: The growth rate for all three
velocities remains stable at about 10000 nm?/s over the measured tip-sample
distances.

to the experimentally measured adhesion forces of 2-5 nN, presum-
ably because the capillary bridge grows after nucleation.'” The Lift
Mode measurements uniquely reveal a time-resolved recording of
meniscus growth and stabilization (Fig. 1). Furthermore, because
the Lift Mode experiments reveal the adhesion force, the capillary
bridge volumes can be estimated. By dividing the measured adhesion
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force by the Laplace pressure, we can estimate the growing capillary
area A and, together with the tip-sample distance d, the growing
capillary volume: V¢ = A - d. It should be noted that the result-
ing capillary volumes need to be interpreted as rough estimates.
The growing capillary bridge is not in thermodynamic equilibrium,
meaning that the curvature of the capillary bridge can deviate from
that predicted by the Kelvin equation. The steady-state capillary vol-
ume strongly depends on the tip—sample distance (Fig. 3); at larger
distances, capillary bridges of up to 60 nm® can be grown. The
time required for the growth—defined as the time during which the
adhesion force transitions from 0 to its steady-state value—scales
approximately linearly with the steady-state capillary bridge volume.
In other words, the growth rate—defined as the estimated final cap-
illary bridge volume divided by the growth time—is independent
of the tip—sample distance (Fig. 3). This observation strongly con-
trasts the dynamics of capillary nucleation: The nucleation of the
capillary bridge depends exponentially on the tip-sample distance.
The rate at which water is added to the capillary bridge during
growth is about 7500-30 000 nm*/s. In comparison, the volume of
a freshly nucleated meniscus divided by a typical activation time
is 2 nm*/10 ms = 200 nm’/s, significantly lower than the growth
rate. An important factor here is the very high water adsorption
rate of the growing bridge nucleated at the smallest separation,
where water vapor is funneled toward it via the inward flux cre-
ated by Knudsen diffusion. Another explanation for the discrepancy
could be that thin film flow from the adsorbed water layer into the
growing bridge takes place during growth: after a <2 nm® chain of
water molecules is condensed, the negative Laplace pressure of the
capillary bridge can start to attract already adsorbed water on the
surfaces,”””***°>° which in turn is replenished through Knudsen dif-
fusion. However, water thin films are thought to be highly viscous,

5
¢ d=02nm
4 d=0.7nm
' d=12nm
ar - % - Noel et al. |]
z
K=
S3f
172
Q
=
2 Iy
] Xx
K2+ A\
a \
© \
(6] '
1t \
X=X
0 . . .
1 10 100 1000

Lateral Motion Velocity [um/s]

FIG. 5. Capillary adhesion forces at low lateral velocities are stable and show a
dependence on tip-sample distance. With higher velocities, a reduction in adhe-
sion force can be measured for tip-sample distances of 0.7 and 1.2 nm in a similar
velocity regime as reported by Noel et al.>* (gray dashed line, adhesion rescaled
by factor 0.1).
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which may slow down the water flow from the adsorbed layer into
the capillary bridge.”**

Once capillary nucleation and growth have taken place, the
capillary bridge reaches a steady-state size. Interestingly, while
the capillary bridge volume rises with separation, the capillary
area, which is proportional to the adhesion force, decreases. This
gap-adhesion dependency has also been shown by AFM pull-off
experiments.*”® Furthermore, we find that at velocities in the range
of 10-100 um/s, steady-state adhesion starts to decline with increas-
ing velocity (Fig. 5). At greater tip-sample distances and, therefore,
larger capillary bridge volumes, the decrease in steady-state adhe-
sion as a function of velocity is observed at lower velocities than
at intermediate or small tip-sample distances (smaller capillary
bridge volume). Larger capillary bridges are more easily frustrated
by lateral velocity. This finding is in quantitative agreement with
contact mode adhesion measurements,’> which were rescaled and
included in Fig. 5.

IV. CONCLUSION

By repurposing the Lift Mode technique, we opened a new win-
dow into capillary condensation. The Lift Mode measurements pro-
vide the ability to measure the activation time for capillary condensa-
tion as a function of separation gap and lateral speed, as well as in situ
observation of the growth of capillary bridges through measurement
of adhesion force and quantification of the capillary bridge size and
growth rate. We have benchmarked the Lift Mode method against
other AFM studies’*”***"** and found agreement for the distance-
dependent activation time,"”""”” the velocity-dependent adhesion
force,”" and the growth of a liquid bridge.””"* The nucleation of
capillary bridges is faster at smaller distances, in line with the ther-
mal activation framework'”** and Knudsen diffusion at nanoscale
interfaces.””” In addition, we find a further increase in nucleation
rate when applying a lateral velocity, possibly due to the enhance-
ment of the Knudsen diffusion at the leading edge of the interface.
Interestingly, the velocity-enhanced activation of capillary bridges
may provide a physical mechanism behind the widely observed
velocity strengthening friction in ambient systems.”® Finally, we
observe that the rate at which capillary bridges grow after nucleation
is independent of the tip—sample distance and likely driven by the
thin film flow of the nanometer-thick adsorbed water layer””** in
combination with a high adsorption rate of the growing water bridge
to reach its thermal equilibrium. This observation highlights that
Egs. (1) and (2)—which are widely used in the literature to describe
the thermally activated formation of capillary bridges of varying
volumes—cannot capture the steady-state size of capillary bridges
after growth.

Future studies can further investigate the influence of Knud-
sen diffusion on nucleation and growth dynamics by varying the
interface geometry or adjusting environmental parameters, such
as vapor pressure, surface chemistry, and temperature. Further-
more, the Lift Mode technique offers opportunities to study the
interplay between capillary bridge growth and the thickness of pre-
adsorbed water layers as well as the friction of confined water.”"”*’
This opens new avenues to further understand the transport and
exerted forces of water in confined interfaces in different fields
of science, ranging from observed natural processes in biology' °
and geology™'""*"* to friction- and adhesion-related engineering
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challenges, such as nanometer-precise positioning systems in the
semiconductor industry.””*
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