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Controlling macroscopic friction is crucial for numerous natural and industrial applications, ranging
from forecasting earthquakes to miniaturizing semiconductor devices, but predicting and manipulating
friction phenomena remains a challenge due to the unknown relationship between nanoscale and
macroscopic friction. Here, we show experimentally that dry friction at multiasperity Si-on-Si interfaces
is dominated by the formation of interfacial siloxane (Si─O─Si) bonds, the density of which can be
precisely regulated by exposing plasma-cleaned silicon surfaces to dry nitrogen. Our results show how the
bond density can be used to quantitatively understand and control the macroscopic friction. Our findings
establish a unique connection between the molecular scale at which adhesion occurs, and the friction
coefficient that is the key macroscopic parameter for industrial and natural tribology challenges.
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Friction at multiasperity interfaces is a fundamental
problem in tribology that has practical importance in a
wide range of industries, consuming more than 20% of
global energy [1]. Despite the significant efforts devoted to
understanding friction since the time of Leonardo da Vinci,
the quantitative prediction of macroscopic friction forces
from first principles remains a challenging task [2–8].
Recent advances in nanoscale friction experiments and
molecular dynamics simulations have shed light on the
fundamental mechanisms of friction at single asperity
contacts, revealing that Van der Waals interactions [9],
together with interfacial bond networks [10–13] such as
covalent [14–19] and hydrogen [20–22] bonds can play a
dominant role in determining adhesion and friction.
However, the relation between the number of interfacial
bonds and the measured friction force at the microscopic
scale is still unknown. Moreover, it is unclear whether the
bonding mechanisms responsible for nanoscale friction
control friction at larger, application-relevant scales [23].
Understanding the relationship between chemical bond-

ing and macroscopic friction is a significant challenge
faced by scientists across various disciplines, including
physics, chemistry, and geology. Several factors can influ-
ence friction, including wear particles, contamination,
contact plasticity, and adhesion [2,24]. Moreover, the
roughness of extended interfaces creates a multitude of
contact points that are often obscured by the bulk contact-
ing bodies, making it difficult to directly observe contact
phenomena [25–27]. These challenges are particularly
significant when studying silicon-based materials, given
their widespread use in the semiconductor industry and
their involvement in the generation of earthquakes [28].

Additionally, the surface chemistry of oxidized silicon is
notoriously difficult to control and quantify, involving
dehydroxylation-hydroxylation reactions between various
functional silanol groups and siloxane bridges that are
dependent on environmental factors [29–31]. Thus, estab-
lishing a direct relationship between interfacial bonding
and macroscopic friction remains a daunting task.
In this Letter, we experimentally show that macroscopic

Si-on-Si friction emerges from the formation and rupture
of interfacial siloxane bonds and can thus be controlled
through surface chemistry. Si-on-Si friction was measured
using a rheometer (DSR 502, Anton Paar) inside a
customized environmentally controlled chamber, as shown
in Fig. 1(a). The rheometer can be used to rotate at precisely
controlled speeds while simultaneously measuring the
shear and normal forces, allowing one to infer the friction
coefficient. Before entering the environmental chamber for
the friction experiments, the silicon balls (Goodfellow)
were sonicated in ethanol and then Milli-Q water, followed
by nitrogen flow drying. In the friction experiments, a
cleaned silicon ball (with a native oxide layer) was brought
into contact with an as-received p-doped silicon (100)
wafer (from University Wafer) covered with a native oxide
layer. Before the contact was formed, the surfaces were
equilibrated under the dry nitrogen environment inside the
humidity-controlled chamber for 1 h. The contact was then
formed under a normal load of 40 mN. According to
contact calculations, discussed later in the text, the average
asperity scale contact pressure was 3.6 GPa, similar to the
pressures exerted at single-asperity contacts in AFM
measurements [11,32]. The sliding speed of the silicon
ball on the silicon wafer imposed by the rheometer was
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varied from 0.1 to 10 μm=s in the velocity-dependent
experiments and kept constant at 0.1 μm=s in all other
experiments. The reported steady-state friction forces were
averaged over four sliding strokes (Fig. S1 [33]). All
strokes were kept as short as 2 μm, and measured on
previously untouched areas of the silicon wafer. This
“nonrepeated” measurement protocol is applied to mini-
mize the influence of wear, which induces smoothening at
the nanoscale [34], on the experiments (Fig. S2). During
drying and equilibration, in between the measurements, the
silicon ball was separated from the wafer. To investigate
the influence of surface chemistry on friction, we repeated
the friction experiments with oxygen plasma-cleaned
silicon balls and wafers; plasma cleaning is commonly
used to chemically modify hydrophilic surfaces [41–43].
The oxygen plasma activation was conducted inside a
reactor (Zepto One, Diener Electronic) at a vacuum
pressure of 0.1 bar and frequency of 50 Hz for 5 m.
As shown in Fig. 1(b), the plasma surface treatment

results in an almost 300% increase in dry Si-on-Si friction
under various applied normal loads. While the friction
increases significantly upon plasma cleaning, the average
water contact angle, measured using an optical contact
angle goniometer (Easy Drop, Kruss), decreases markedly
upon plasma treatment.
The plasma-cleaning-induced hydrophilicity is known to

decrease over time when the plasma-cleaned surfaces are
exposed to the environment [44,45]. We, therefore, track
the evolution of the friction force as a function of the time
during which the plasma-cleaned silicon surfaces are
exposed to dry nitrogen. As shown in Fig. 2, the friction

force gradually decreases with nitrogen drying time while
the water contact angle increases. In contrast, the water
contact angle and the friction force remained constant over
a period of 6 h in a control experiment conducted at a
relative humidity of 40% (Fig. S4). Given the thermo-
dynamic stability of hydroxylated surfaces [46,47], we
interpret these results as follows. In the dry environment,
the increase in water contact angle is likely driven by the

FIG. 1. Experimental system (a) and enhanced friction upon plasma cleaning of silicon surfaces (b). (a) Top: a 3-mm-diameter silicon
ball inside a humidity-controlled chamber is clamped to the geometry of a rheometer and brought into contact with a silicon wafer. The
distance (r) between the rotation axis and the silicon ball is 10 mm. By lowering and rotating the rheometer tool at a constant angular
velocity (ω), the normal force (Fn) and friction force (Ff) on the contact can be measured simultaneously at an imposed sliding speed
(ωr) . Bottom: AFM images of the silicon ball (bottom left) and silicon wafer (bottom right). The rms roughness of the surfaces is
40.5 nm (ball) and 0.5 nm (wafer), measured over an area of 31.13 × 31.13 μm2, corresponding to the average roughness (Ra) of 26 and
0.6 nm, respectively. The small changes in surface roughness induced by the plasma treatment are reported in Fig. S3. Scale bar, 10 μm.
(b) Friction force (Ff) as a function of normal load (Fn), measured in the dry nitrogen environment (RH ¼ 0.8%). The ratio of these two
forces gives the coefficient of friction (CoF), μ ¼ Ff=Fn. The red and black data correspond to the friction force measured with pristine
and with oxygen plasma-cleaned silicon surfaces, respectively. Insets display water contact angle (θ) images on wafer surfaces in the dry
nitrogen environment (RH ¼ 0.8%) before (bottom) and after (top) plasma cleaning, in which the average measured θ are 32° and 5°,
respectively. All the reported water contact angles represent the average of three measurements.

FIG. 2. Friction force as a function of the time during which the
surfaces were in contact with dry nitrogen (<0.8% relative
humidity). Friction measurements were performed on the
plasma-cleaned silicon surfaces at a normal load of 40 mN after
different nitrogen drying times (see also Fig. S1). The water
contact angles corresponding to the nitrogen drying times are
indicated by the red data points.
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displacement of the hydroxyl groups by carbonaceous
contamination due to air exposure [48]. However, this
process is blocked or delayed in a humid environment as
the absorbed water layers on a wafer could potentially
shield the hydroxylated surface from contamination [31],
resulting in a stable water contact angle during the aging
process.
The clear correlation between surface chemistry, as

quantified by the water contact angle, and friction force
in Fig. 2 suggests that the dry friction is dominated by the
interfacial chemical state. Therefore, we hypothesize
that the formation of interfacial Si─O─Si bonds from
OH groups (thereby releasing a water molecule) on the
two opposite surfaces controls the macroscopic friction
force, in analogy to previously proposed nanofriction
mechanisms [15,17,49]. To test this hypothesis, a quanti-
tative connection between the observed water contact angle
and the density of surface OH groups on the surfaces is
necessary. To determine the surface OH density, we can use
the water contact angle measurements if the chemically
heterogeneous silicon surface is composed of a fraction f
of silanol (Si─OH) groups and a fraction, (1 − f), of
siloxane (Si─O─Si) groups. We can then use a Cassie-
Baxter model [50] to express the equilibrium water contact
angle (θ) on the silicon surfaces as

ð1þ cosθÞ2 ¼ f × ð1þ cosθ1Þ2 þ ð1− fÞ× ð1þ cosθ2Þ2;
ð1Þ

where θ1 and θ2 are the water contact angles on the pure
homogeneous surfaces fully covered with Si─OH groups
or Si─O─Si groups, respectively. Plasma activation [51]
and thermal treatment [52] are two reported methods to
reach these two extreme surface chemistry states, respec-
tively. The surface OH density on the surface is set to be
0 OHnm−2 after thermal treatment and 4 OHnm−2 after
plasma cleaning, respectively [53].
As shown in Fig. 3, the Cassie-Baxtermodel describes the

data well, and shows how the water contact angle increases
nonlinearly as the density of OH groups decreases. To
experimentally test the accuracy of this prediction, we
quantify the surface OH density through fluorescence
labeling experiments [54], in which fluorescent molecules
(Rhodamine 101) are covalently bonded to surface OH
groups through APTES molecules. To quantify the change
of surface OH density on the plasma-cleaned wafer
with nitrogen drying time, fluorescence detection was
carried out using a confocal microscope (MicroTime200,
PicoQuant GbmH) with an extended spectrometer. To avoid
any damage to the surface, the fluorescence labeling of the
surface OH groups was carried out in two steps. Before the
fluorescence measurement, seven plasma-cleaned wafers
were held inside a drying chamber for different times,
corresponding to different nitrogen drying times in the
friction experiments, followed by in situ chemical vapor

deposition (CVD) with APTES [55]. The amine groups on
the deposited monolayer APTES [55] were then function-
alized with Rhodamine 101 through liquid immersion [56].
Subsequently, the fluorescence spectra on the wafers
were measured with a fixed power excitation at 545 nm
after any Rhodamine 110 residues were removed. The
surface density of OH groups can thus be quantified by
measuring the fluorescence intensities of the bonded rhod-
amine molecules (Fig. S5). The experimentally measured
fluorescence intensity is found to agreewell with the surface
OH density predicted by the Cassie-Baxter model (Fig. 3,
inset), confirming the relation between wettability and
surface density of OH molecules.
The observed strong increase in friction when increasing

surface OH density then suggests that in our system the
friction is due to Si─O─Si bonds formed across the
interface, thus increasing the adhesion between the two
contacting surfaces. This poses the question of how to
quantify adhesion. For multicontact interfaces, the adhe-
sion measured upon unloading is influenced by the elastic
energy stored in asperity deformations, the so-called
“adhesion paradox” [57,58]; this greatly complicates the
direct measurement of interfacial bond strength through
pull-off experiments [59]. In our case, we can then test if
the macroscopic friction force is indeed generated by
forming and rupturing the interfacial Si─O─Si bonds by
plotting the interfacial shear stress against the density of
interfacial Si─O─Si bonds in Fig. 4. The frictional
shear stress is defined as the measured macroscopic friction
force divided by the calculated area of real contact. The
latter is estimated using a boundary element method (BEM,
Tribology Simulator [33]) [22,60], in which the measured

FIG. 3. Modeling and measurement of the surface OH density.
The surface OH density (red data) is calculated using the Cassie-
Baxter model (black solid line) and the measured water contact
angles. The OH density was also measured through fluorescence
labeling (dark yellow circles). The upper right inset shows the
linear relationship between the measured fluorescence intensity
and the modeled OH density.
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surface topography and the mechanical properties of silicon
(Young’s modulus E ¼ 130 GPa, Poisson’s ratio ν ¼ 0.2,
Hardness H ¼ 10 GPa) are used as input to describe the
roughness scale elastic deformations at the interface (see
details in Supplemental Material, Sec. 1). The interfacial
Si─O─Si bond density is assumed to be proportional to the
probability that two OH groups on the opposite surfaces
meet at the interface. Therefore, the interfacial Si─O─Si
bond density should scale with the square of the OH density
on a single surface, with a maximum of 4 Si─O─Si bonds
per nm2 when both surfaces are fully covered by Si─OH
groups [53]. We observe a convincing linear relation
between the shear stress and the interfacial Si─O─Si
density with a proportionality constant of 0.7 nN=bond
or 1.4 J=m2 (Fig. 4), which is comparable to the previously
reported strength of a single interfacial Si─O─Si bond
of 1.4 nN=bond [59] and Si─O─Si bonding energy of
1.5 J=m2 [61]. As the bond rupture process is different in
our experiment compared to the atomic force microscopy
characterization of bond strengths reported in Ref. [59],
the discrepancy between the values is not surprising. We
thus conclude that the macroscopic friction force is indeed
dominated by the formation and rupture of interfacial
Si─O─Si bonds.
To test this conclusion further, we performed velocity-

dependent friction experiments in which each stroke was
measured on a previously untouched spot on the wafer.
As shown in Fig. 5, the measured friction at the plasma-
cleaned interfaces decreases with increasing sliding veloc-
ity in the range of 0.1 to 10 μm=s. Furthermore, this
velocity-weakening effect diminishes as the density of
surface OH groups is decreased by exposing the plasma-
cleaned surfaces to a dry environment. The observed small

hysteresis during increasing-decreasing velocity may
be attributed to changes in drying time-dependent surface
chemical state, as the hysteresis decreases when the
surface chemical state gradually stabilized after 6 h nitro-
gen drying. Finally, when the silicon surfaces are function-
alized with a monolayer of hydrophobic CVD coatings
(1H, 1H, 2H, 2H-perfluorooctyltrichlorosilan), the velocity
dependence of the friction completely disappears. These
observations are consistent with the predictions of the
phenomenological rate and state friction model, which
postulates that dynamic friction scales with the logarithm of
the sliding velocity [62,63]. For the velocity-weakening
friction, it is commonly interpreted that the dynamic
friction force is limited by the rate at which interfacial
bonds can be formed: lower sliding speeds enable more
interfacial bonds to be formed and thus lead to higher
friction [15,32,49]. Assuming the reaction kinetics of an
interfacial siloxane bond follows the Arrhenius behaviors
as proposed previously in a multibond model [12,64], we
can quantitively estimate the number of interfacial bonds
per unit contact area [PðtÞ] by using the logarithm of
contact time (t),

PðtÞ ∝ N0

G
kBT lnðtÞ; ð2Þ

FIG. 4. Frictional shear stress as a function of the interfacial
siloxane density. The slope of the solid line represents the bond
rupture force of a single interfacial Si─O─Si bond. The black
area in the upper circular inset displays the area of real contact
calculated using the boundary element method at a load of
40 mN. Scale bar, 10 μm.

FIG. 5. Dependence of the frictional shear stress on sliding
velocity. The friction force was measured at increasing (squares)
and decreasing (solid circles) velocities ranging from 0.1 to
10 μm=s at a load of 40 mN. The frictional shear stress is defined
as the measured friction force divided by the calculated area of
real contact. The surfaces were plasma-cleaned silicon surfaces
after drying for 1 h at a relative humidity of 0.8% (black data
symbols), after drying for 6 h (dark yellow), and with a
monolayer of hydrophobic CVD coating (red, see main text
for details), respectively. The nonbonding frictional shear stress
(0.4 GPa) observed at the hydrophobically coated interfaces is
small compared to the bonding-induced shear stress (3 GPa) and
therefore only has a minor impact on our bonding analysis. The
inset displays the water contact angle (θ) image on the hydro-
phobically coated wafer, in which the measured θ is around 114°.
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Where N0 is the total number of available bonding sites
per nm2 with an energy barrier of G at the beginning of
sliding, kB is Boltzmann’s constant, and T is the tempera-
ture, 293 K. Substituting the contact time t with the typical
lifetime, ðD=VÞ, of an interfacial Si─O─Si bond with size
D during sliding at velocity V, the interfacial shear stress (τ)
can thus be obtained:

τ ∝
N0

G
kBTf0 ln

�
D
V

�
: ð3Þ

Equation (3) predicts that the slope in the shear stress vs
lnðVÞ curve should be −ðN0=GÞkBTf0, where f0 ≈ 0.7 nN
is the single interfacial Si─O─Si bond strength. Applying
Eq. (3) to the experimental velocity-dependent friction data
obtained after plasma cleaning and drying for 1 h (black
data in Fig. 5), we extract an energy barrier for bond
formation of 0.35 eV, of the same order as the previously
reported energy barrier (0.5 to 1.4 eV) for the formation
of interfacial Si─O─Si bonds in nanofriction experi-
ments [32,65].
In conclusion, we find that the variation of dry friction at

plasma-activated multiasperity Si-on-Si interfaces is con-
trolled by the density of surface OH groups that can engage
in the formation of interfacial Si─O─Si bonds. As the
silicon surfaces are exposed to dry nitrogen, the surface OH
group density and thus friction decrease. By quantifying the
density of surface OH groups experimentally, we showed
that the interfacial shear stress, and thusmacroscopic friction
force, scales linearlywith the density of interfacial Si─O─Si
bonds. Notably, these interfacial bonds could also be formed
andbroken in rolling friction.However, in order to roll over a
distance of approximately an atomic spacing, only those
bonds located at the trailing edge of the contact would have
to be broken. Consequently, rollingwould requiremuch less
external frictional force per unit displacement compared to
sliding friction. Our study directly connects a fundamental
understanding of nanofriction to the macroscopic friction
forces that influence precision positioning, for instance in
the semiconductor industry, thereby opening up new ave-
nues for predicting and controlling friction.
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