Non-monotonic friction due to water capillary adhesion and

hydrogen bonding at multi-asperity interfaces

Liang Peng®, Feng-Chun Hsial?, Sander Woutersen?, Mischa Bonn'®, Bart
Weber!2 and Daniel Bonn!

1 van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam,
Science Park 904, 1098 XH Amsterdam, The Netherlands
2 Advanced Research Center for Nanolithography (ARCNL), Science Park 106, 1098
XG Amsterdam, The Netherlands
% Molecular Spectroscopy Department, Max Planck Institute for Polymer Research,
Ackermannweg 10, Mainz 55128, Germany

Abstract: Capillary adhesion due to water adsorption from the air can contribute to
friction, especially for smooth interfaces in humid environments. We show that for
multi-asperity (naturally oxidized) Si-on-Si interfaces, the friction coefficient goes
through a maximum as a function of relative humidity. An adhesion model based on
the boundary element method (BEM) that takes the roughness of the interfaces into
account reproduces this non-monotonic behavior very well. Remarkably, we find the
dry friction to be significantly lower than the ‘lubricated friction” with macroscopic
amounts of water present. The difference is attributed to the hydrogen-bonding network
across the interface. Accordingly, the lubricated friction increases significantly if the
water is replaced by heavy water (D.O) with stronger hydrogen bonding.
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The frictional properties of silicon-based materials have been of interest to
researchers for several decades, given the importance of friction for technology
development in the semiconductor industry, including, for instance, improving the
efficiency and extending the lifetime of micro-electromechanical systems (MEMS)[1-
3]. Silicon components are often exposed to humid environments where capillary
adhesion can occur across interfaces. This capillary adhesion is a key factor in
increasing friction, especially for interfaces that are smooth compared to the range of
the adhesive interaction[4,5]. Therefore, a fundamental understanding of how capillary
adhesion and friction evolve with relative humidity, particularly in multi-asperity
systems, is essential to control friction and reduce wear from a technological
perspective. Moreover, understanding how nanoscale adhesion and friction
mechanisms manifest themselves at larger length scales remains a major scientific
challenge.

Numerous experiments have been conducted to tackle challenges related to the
increasing importance of capillary adhesion and friction in silicon systems. For
hydrophilic (naturally oxidized) silicon, the humidity dependence of capillary adhesion
and friction has been studied by atomic force microscopy (AFM) experiments: friction
and adhesion first increase with increasing humidity and then decrease[6—8]. This non-
monotonic humidity dependence has been attributed to the competing roles of the
Laplace pressure and the meniscus size at the interface; the former decreases with
increasing relative humidity while the latter increases with increasing relative
humidity[9—-11]. Furthermore, the ice-like structure of adsorbed water in humid
conditions can strongly enhance nanoscale adhesion and friction at low humidities
(below 40%-80%)[3,12,13]. At a larger scale, non-monotonic adhesion behavior as a
function of water content has been observed for assemblies of sand grains (with Si0>
surfaces similar to the silicon surfaces studied here)[ 14,15]. Here the non-monotonic
behavior was attributed to the roughness of the surfaces: before adhesive water bridges
can form, the water first fills the small pores between the asperities of the surface[ 16].

Despite substantial theoretical efforts[11,17-19], few experiments[20,21] have
addressed the mechanisms underlying the humidity dependence of capillary adhesion
and its relation with friction at multi-asperity interfaces. Two main complications exist.
First, the direct measurement of the adhesive force is prohibited by the so-called
adhesion paradox|22-24]: the elastic energy stored in asperities provides a repulsive
force between the two surfaces that masks the adhesive force. Second, the friction
experiments may induce wear, which, in turn, influences adhesion[4,5,25,26].

In this paper, we experimentally show that multi-asperity Si-on-Si friction
increases with relative humidity in the range from 0% to 20% and decreases again when
the relative humidity increases beyond 20%. The dependence of the friction at higher
levels of relative humidity can be captured by a simple capillary adhesion model based
on the boundary element method without adjustable parameters. With increasing
relative humidity, the reduction in Laplace pressure, which controls the capillary
adhesive force, drives the decrease of the friction coefficient. In addition, we find that
the value of the friction coefficient for the completely dry case (no capillary bridges) is
much lower than the completely immersed case, which also has no capillary bridges.



We interpret the strong dependence of the friction on the relative humidity below 20%
in terms of the hydrogen bonding across the interface, which is strongly reduced at
humidities below 20%, but of course remains present for the completely immersed case.

Silicon-on-silicon friction experiments were performed with a rheometer (DSR 502,
Anton Paar) inside a customized humidity-controlled chamber, as shown in Fig.1. The
partial pressure of water vapor or the relative humidity inside the chamber is controlled
by a humidifier (MHG100, proUmid). Before the experiments, the silicon spheres were
rinsed with ethanol and sonicated in Milli-Q water, followed by nitrogen flow drying.
In the friction experiments, a clean, 3 mm-diameter rough silicon sphere was brought
into contact with an as-received smooth p-doped silicon (100) wafer (University Wafer)
with a native oxide layer. The surface chemistry during sliding may therefore be a
complex mix of Si-Si, Si-SiO2, and SiO2-SiOz, due to the wear and reformation of the
thin oxide layers on the silicon. The contact was formed under a normal load of 50 mN
after the relative humidity inside the chamber was dried to 0.6%. The approximate
contact diameter at 50 mN normal force was calculated to be 20 um based on the
classical Hertzian contact theory. The sliding speed imposed by the rheometer was 100
nm/s in humidity-dependent experiments and varied from 0.1 um/s to 100 um/s in the
velocity-dependent experiments. During the sliding experiments, the rheometer moves
the sphere tangentially on the wafer while measuring both externally applied load
(Fexternar) and friction force (Fy). The ratio of these two forces gives the friction

- F, . .
coefficient (CoF), u = /F rormal It is important to note that any adhesion exerted at
externa

the interface is ‘hidden’ in the sense that it may influence the measured friction force,
but it does not contribute to the externally applied load. To minimize the influence of
wear, sliding strokes were kept short at 3 um (as shown in Fig.S1), and each stroke was
measured at a previously untouched section on the substrate. After a few strokes, the
CoF reached a steady state; we report the steady-state values of the CoF. The surface
topography of the spheres was measured before and after friction experiments by laser-
scanning confocal microscopy (Keyence VK-X1000) over an area of 212x283 um?
(XYZresolution of 400 nm x 400 nm x 12 nm, respectively ) to verify that only minimal
wear occurred[4].

In the humidity-dependent friction experiments, we vary the relative humidity
inside the chamber between 0.6% and 80%. The humidity is first increased and
subsequently decreased again, in intervals of 20%. The CoF is measured at each relative
humidity. Before each change in the humidity, the chamber was first dried for one hour,
by lowering the relative humidity to 0.6%, to remove any residual water. After drying,
the system was equilibrated at the target humidity level for one hour before starting the
friction measurement. During drying and equilibration, the sphere was kept in contact
with the substrate. At the end of the humidity-dependent friction experiments, the
contact was immersed in deionized water and friction was measured. After all friction
experiments were completed, the topography of the sphere apex within an area of
31.13x31.13 um? was captured by tapping mode AFM (Dimension Icon, Bruker) with
Si tips (RTESPA-300, Bruker). Contact calculations using the AFM topography as
input were carried out using the Tribology Simulator (available at



https://www.tribonet.org/cmdownloads/tribosolver-2/)
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Fig.1 Experimental setup (a). A silicon ball inside a humidity-controlled chamber is
clamped to the geometry of a rheometer which is used to measure normal and frictional forces
between the silicon ball and the silicon wafer. The known distance between the rotation axis
and the sphere, r = 12 mm, is used to translate the imposed rotation speed, o, into a sliding
speed and to translate the imposed torque into a friction force. AFM images of the wafer (b)
and silicon ball (c) are shown. The root-mean-squared roughness of the surfaces was 0.5 nm
(wafer) and 40.5 nm (sphere), measured over an area of 31.13%31.13 um?. Scale bar, 10 um.

To investigate the effect of interfacial bonding on friction, velocity-dependent
experiments (0.1 pum/s-100 um/s) were conducted under dry and water-immersed
conditions. Furthermore, the evolution of the CoF in time was also measured while the
contact was immersed in heavy water (D20) instead of H2O. The heavy water was free
to exchange with water in the surrounding 60% relative humidity environment.

As shown in Fig. 2, the friction coefficient evolves with relative humidity without
any hysteresis, and can be divided into two regimes. In the first regime, the CoF sharply
increases when the relative humidity is increased from 0.6% to 20%. In the second
regime, in which the relative humidity is between 20% and 80%, the friction decreases
slightly with increasing relative humidity.

The observed non-monotonic behavior is well captured by a simple adhesion
model (solid green line in Fig.2) which is detailed below. The adhesion model neglects
the contribution of van der Waals forces to the adhesion, and only considers capillary
adhesion[4,5]. As a result, the equilibrium of forces at the interface is given by Eq. (1).

> >

Fadhesion + Fexternal + Felastic =0 (1)

where Fuanesion » Fexternar @0 Forqstic are capillary adhesion, externally applied load,

and elastic repulsive force, respectively. Multi-asperity adhesion is hard to detect, as
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discussed above and shown in Fig. S3. To obtain a quantitative description, we employ
boundary element method (BEM) contact calculations, in which the elasto-plastic
equations are discretized and solved numerically to solve the contact problem and
estimate the capillary adhesion. Both the capillary adhesion and the elastic force are
calculated as a function of the average interfacial gap. We assume that the locally
experienced adhesion forces influence the average interfacial gap in the same way as
an externally applied force does. The Tribology Simulator can calculate the interface
deformation associated with a given elastic repulsive force, F,;4stic, Using the measured
surface topography and the mechanical properties of silicon (listed in Table S1).
Subsequently, the adhesion force can be estimated based on the resulting interface
geometry, which is described by the interfacial gap value as a function of the in-plane
position.

To estimate the capillary adhesion force in the calculations, it is assumed that
water bridges form within regions called capillary areas, where the local interfacial gap
is below a threshold value, D. Within the capillary areas, there is capillary attraction
due to the Laplace pressure difference between the inside and outside of the water
bridges. The threshold value, D, is defined hereasD = 2 x H + D, in which H and D,
represent the absorbed water film thickness and the critical nucleation distance obtained
from previous studies, as shown in Table S2[6,27,28]. The capillary adhesive force,
Fadhesion s calculated by multiplying the Laplace pressure with the capillary area.

N
The external load can then be obtained from Eq. (1).

To describe the influence of the capillary adhesion, F,gpuesion ON friction, we

assume that the measured friction force, ﬁf, is proportional to the sum of the adhesion

force, F anesion, and the externally applied normal force, F,,ternq;- This assumption is

motivated by the observation of such ‘load-controlled friction’[29,30] in similar
systems[5,31]. The proportionality constant that links the friction force to the combined

normal force, |Fuanesion| + |Fexternat| Can be obtained by performing a water

immersed friction experiment in which there is no capillary adhesion, while the
externally applied force and friction force can be measured. We thus obtain:

adhesion
COFimmersed X |Fexternal| + COFimmersed X |Fsimulated

CoFsimulatea = F
| externall

|Fadhesion

— imulated
- COFimmersed + stmuiate |/|Fexternal| X COFimmersed (2)

in which the CoFg;myiatea 1S the estimated friction coefficient in the adhesion model
and CoF;mersea 1S the friction coefficient measured when the system is immersed in
water such that there is no capillary adhesion.

The match between the simulation result and the experimental result obtained in
the 20%-80% relative humidity regime shows that our proposed adhesion model,



without adjustable parameters, captures the non-monotonic change in friction with
relative humidity. Capillary adhesion influences friction, and its impact depends on the
superposition of two competing effects: growth of the capillary area and reduction of
the Laplace pressure with increasing relative humidity. As the relative humidity
increases, the range of the capillary adhesion, and thus the capillary area, increases due
to the formation of thicker water layers[6] on the solid surfaces and due to the increased
critical distance for capillary condensation, which scales with the (increasing) Kelvin
radius[27]. The growing Kelvin radius, in turn, reduces the curvature of the liquid-gas
interface, thereby reducing the Laplace pressure[6]. The non-monotonic change in
friction as a function of relative humidity is analogous to the change in shear modulus
of sand with water content[14,15]: a small amount of water enhances the attraction
between sand grains by increasing capillary pressure; while too much water causes the
merging of water bridges, destabilizing the sand finally. Similar non-monotonic friction
trends, but with different mechanisms, have been explored at the carbon and graphite
contact interface, where the non-monotonic change is dominated by contact quality or
the number of pinning sites of intercalated water molecules[32]. For Si-on-Si multi-
asperity friction at high relative humidities here, the reduction in Laplace pressure leads
to the decrease in capillary adhesion and, thus, in friction coefficient. It should be noted
that the precise dependence of the friction coefficient on relative humidity depends on
the interface topography. The detailed estimates of capillary adhesive forces in various
relative humidities are listed in Table S2.
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Fig.2 Friction as a function of relative humidity (RH) and partial pressure of hexane (a).
Measurements were performed with increasing (black squares) and decreasing (red squares)
relative humidity to rule out significant hysteresis. Furthermore, the data was collected in two
separate experiments with different spheres (more experiments are reported in Fig. S4). The
corresponding simulation result is represented by the solid green circles. The olive triangles in
(a) display the evolution of the friction coefficient with the partial pressure of hexane at a
sliding velocity of 1 um/s . The hexane gas was introduced into the system after several sliding



strokes were performed in the dry environment (left-most data point). The relative humidity
level for all hexane measurements was around 1%. Lines through the data points are drawn to
guide the eye. (b) and (c) are two simulated contact maps under 20% RH (b) and 80% RH (c).
The red, white, and black regions in the contact map correspond to the contact area, capillary
area, and non-contact area without water bridges, respectively. Scale bar: 10 um.

Despite the good agreement between measured and predicted CoF at high relative
humidities (>20%), our adhesion model fails to predict the dramatic drop in friction
coefficient observed at low (<20%) relative humidities. Also, the substantial difference
in friction between the dry measurement and the water immersed measurement has not
been observed previously in single asperity experiments|[33,34]. Capillary adhesion
cannot explain this difference in friction since there is no capillary adhesion in either
the dry or water-immersed environments. Furthermore, hydrodynamic lubrication can
be excluded since the sliding system runs in the boundary lubrication regime
considering the low sliding speed (0.1 um/s) and high contact pressure (3 GPa) in
combination with the low viscosity of water (1.0x107 Pa s at 20°C).

We propose that the difference in friction measured at 0.6% RH and in the water-
immersed condition originates from physical or covalent interfacial bonding associated
with the presence of water[35-37]. That this is specific to water follows from a
reference experiment performed in hexane vapor, where, in fact, the 1 % RH friction
is lowered by the addition of hexane vapor, and the strong asymmetry between the
friction measured in hexane vapor and hexane immersion is absent (Fig. 2). This
suggests that hydrogen bonding may play an important role whenever water is present.
To test this hypothesis further, we repeat the experiments using heavy water (D.0)
instead of water, the former having significantly stronger hydrogen bonds[38,39]. We
therefore carry out an immersed friction experiment using heavy water, and indeed find
that the friction is 14% * 5% higher. This increase cannot be due to the higher viscosity
of D20, since the viscous contribution to the friction is negligible at the velocities used
in our experiments (see previous paragraph). To demonstrate that the higher friction of
the heavy-water immersed contact is not due to experimental variability, we use the fact
that D.O exchanges easily with H>O from humid air. We therefore repeat the
experiment starting with a D20 lubricated contact and introducing H20O-humid air into
the experimental chamber. As shown in the inset of Fig.3, the friction coefficient
gradually decreases from p = 0.58 to 4 = 0.51 as heavy water exchanges with normal
water from the surrounding air in two subsequent experiments. Similar rapid H/D
exchange has been described in hydroxyl accessibility studies of deuterated wood[40].
The higher friction at the heavy water immersed interface can be attributed to the
stronger hydrogen bonding compared to H20[38,39,41] . As heavy water at the
interface is gradually replaced by normal water from the humid environment, the
friction decreases due to the weaker interfacial hydrogen bond network. The interplay
between the hydrogen bond network and adhesion has previously been demonstrated in
AFM studies on silica through manipulating the solvent pH[42,43].

The assumption that the hydrogen bonding contributes to the friction is also
supported by our velocity-dependent experiments, as shown in Fig.3. An approximately
linear increase in friction with the logarithm of the sliding velocity is observed in the



velocity range from 0.1 um/s to 100 pwm/s in the dry environment (0.6% RH). The
velocity strengthening of the dry friction is commonly attributed to thermally activated
slip in which the shear stress lowers the activation barrier[44]. A spectacular
observation is that the friction of the fully immersed contact shows a decreasing CoF
with increasing velocity, exactly the opposite of the dry friction. As explained before,
viscous effects such as hydrodynamic lubrication cannot take place at such low sliding
velocities and high contact pressures. It is tempting to attribute the velocity-weakening
friction to the dynamic equilibrium between the rupture and formation of the hydrogen-
bonding network at the interface[45]. As the velocity increases, the rate at which
interfacial hydrogen bonds are broken outpaces the rate at which interfacial hydrogen
bonds are formed, thus leading to a smaller friction force. We can, very roughly,
quantify this idea as follows. Given the typical length and formation time of a hydrogen
bond in water (order of magnitude 1 nm and 1 ps, respectively)[46], we expect that at
velocities above order 10° m/s, H-bond formation should no longer contribute
significantly to the friction. This expectation is indeed supported by the extrapolated
velocity dependence in water immersed friction measurements, in which the friction is
predicted to be as low as 0.11+0.05 at a velocity of 10° m/s. Indeed this is comparable
to the velocity-independent friction measured under hexane-immersed conditions,
further corroborating our interpretation, as there would be no interfacial hydrogen
bonding facilitated by the alkane.
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Fig.3 Dependence of the friction coefficient on sliding velocity. The red, black, and green
data correspond to the friction coefficient measured at increasing (squares) and decreasing
(solid circles) velocities ranging from 0.1 pm/s-100 pm/s in the dry case (relative
humidity=0.6%), the water immersed case, and hexane-immersed case, respectively. The inset
displays the change in friction coefficient as a function of time, measured as the D-O immersed
contact evolves into an H.O immersed contact. In the inset, the red and black colored data
points (squares) correspond to two independent experiments.



In conclusion, we have investigated the evolution of capillary adhesion and
friction with relative humidity in a multi-asperity Si-on-Si system: the coefficient of
friction first increases sharply in the relative humidity range from 0% to 20%, and then
decreases slightly with increasing relative humidity at humidities above 20%. This
evolution of the coefficient of friction with relative humidity can be influenced by
drying hysteresis. To understand the change in the coefficient of friction, an adhesion
model based on the boundary element method is employed and shown to capture the
dependence of the coefficient of friction on relative humidity at humidities above 20%.
The reduction in friction with increasing relative humidity originates from the decrease
in capillary adhesion with increasing relative humidity due to the drop in Laplace
pressure. The strong decrease in friction with decreasing relative humidity in the low
relative humidity regime is attributed to the lack of capillary adhesion and the reduced
effect of interfacial bonding by the hydrogen-bond network of water between the
interfaces, as evidenced by the velocity-dependent friction experiments. Our results
indicate that interfacial hydrogen bonding during sliding contributes to friction.
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Supplementary Information

Hysteresis in the relation between friction and humidity, as shown in Fig. S.1,
appears when the friction system is not fully dried before changing the humidity inside
the chamber. Such hysteresis is believed to be due to the residual water trapped at the
interface. This remaining water could enhance the capillary adhesion at the interface,
thereby increasing the friction based on Amonton’s law as the capillary adhesion
contributes an additional normal force and the friction force is proportional to the
normal force. Once the residual water is removed by longtime nitrogen drying, the
hysteresis could be eliminated as shown by point 10 in Fig. S.1. What's more, the speed
at which the CoF reaches a steady state in Fig. S.2 also indicates the influence of
residual water on friction: the CoF reaches a steady state faster after a small change in
relative humidity when the sphere is kept in contact with the wafer. In contrast, the CoF
could reach a steady state at almost the same speed with surface separation during

drying.
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Fig.S1 Friction coefficient hysteresis loop as a function of relative humidity (a). In total
ten sets of friction experiments were performed. The corresponding humidity-time curve and
the times at which friction experiments were conducted are marked with red dots and numbers
in (b). (c) is one example of how the friction coefficient is defined in the steady state at 20%

humidity.
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Fig.S2 Friction coefficient as a function of the number of strokes measured after drying
the system for one hour. The black solid and red solid lines indicate the situation with (black)
and without (red) contact separation after sliding in a specific humidity environment.
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Fig.S3 Forces a function of time measured during the retraction of a wafer from a silicon
sphere, the inset shows the force near the contact separation point.
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Fig.84 Calculated and measured coefficient of friction as a function of relative humidity.
The red and black symbols indicate friction experiments conducted at increasing (black)
and decreasing (red) relative humidity varying from 0.6% to 80%. Squares, triangles

and diamonds each correspond to an experiment conducted with a different sphere. The

corresponding simulation results are represented by matching green symbols.

Young’s modulus (GPa) Poisson’s ratio Hardness (GPa)
130 0.2 10

Table S1. Mechanical properties of the Si ball and the Si wafer.

Relative Give_n elastic Thickness I\!ucleation Simulated capillqry

humidity repulsive force, (nm)  distance, D adhesion, Fgdhesion,
Feiastic (mN) (nm) (mN)
10% 53.53 0.35 1.17 9.55
20% 56.24 0.55 1.47 10.25
40% 51.93 0.89 2.07 7.24
60% 53.81 1.23 3.12 6.50
80% 52.15 1.52 5.39 4.28

Table S2. Absorbed water film thickness and nucleation distance in various relative
humidities.
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