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Single asperity measurements on Si wafers with variable SiO2 layer thickness, yet identical roughness,

revealed the influence of van der Waals (vdW) interactions on friction: on thin (1 nm) SiO2 layers, higher

friction and jump-off forces were observed as compared to thick (150 nm) SiO2 layers. The vdW

interactions were additionally controlled by a set of silanized Si wafers, exhibiting the same trend.

The experimental results demonstrate the influence of the subsurface material and are quantitatively

described by combining calculations of interactions of the involved materials and the Derjaguin-Müller-

Toporov model.
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Understanding friction plays a key role for the design of
modern micro- and nanomechanical devices. Towards
smaller scales, the surface to volume ratio increases and
surface-related phenomena start playing a dominant role.
Scanning probe microscopy (SPM) is a common tool to
study single asperity contact mechanics.

Numerous previous nanoscale friction studies probed
multiple surface properties such as roughness, surface
energy, surface chemistry, or crystal order of the substrate,
the results of which are compiled in recent reviews
(see, e.g., Refs. [1–4] and references therein).

An aspect frequently neglected is van der Waals–
Casimir interactions. Of quantum mechanical origin, these
dipole-dipole interactions are present at every interface
and are one summand in the effective interface potential
(or interaction potential) of the involved materials. This
aspect is not only of fundamental interest to understand
friction, it is also important for surface-related applica-
tions: for micromachined surfaces, the importance of
van der Waals (vdW) interactions was highlighted only
in the last two decades [5,6]; also the stability of coatings is
affected [7,8] as well as the adhesion forces of bacteria to,
e.g., functionalized surfaces [9]. These studies varied the
subsurface composition of the materials to tune the vdW
interactions. Thereby, a variation in the interaction energy
can be achieved [10–13], which is sufficient to induce
significant differences in adhesion forces even for macro-
scopic objects such as geckos [14].

This work presents a unique direct demonstration that
friction is not only influenced by surface properties (e.g.,
roughness, surface chemistry, and surface energy), but also
by the composition of the substrate in the subsurface
regime. Theoretical calculations employing the determina-
tion of vdW forces and the contact mechanics model of
Derjaguin-Müller-Toporov capture the experimental find-
ings quantitatively.

In this Letter, we report on single asperity friction
experiments on stratified Si substrates. The substrates

consist of Si wafers covered with SiO2 layers of different
thickness [N (native) for 0.9 nm SiO2 and T (thick) for
150 nm SiO2]. To rule out the effects of surface chemistry
and surface energy, we hydrophobized both types of sub-
strate by employing an octadecyl-trichlorosilane (OTS)
self-assembled monolayer (SAM) [15] (N-hydrophob for
OTS with 0.9 nm SiO2 and T-hydrophob for OTS on
150 nm SiO2). The SAMs are densely packed and exhibit
a nearly crystalline structure [15,16] (see Supplemental
Material [17]). Moreover, the T-type substrates feature
the same high quality of the silane SAMs as the N-type
surfaces. The calculated number of silane chains per square
area is 4:5 chains=nm2 indicating an optimal silane density
[18]. Each (N, T) pair of the different surface types
(hydrophil and hydrophob) provides the same surface
chemistry, energy, and roughness and differs only in the
subsurface composition (i.e., the thickness of the SiO2

layer) (cf. Table I). A detailed analysis of the roughness
of the SiO2 substrates utilizing Minkowski functionals can
be found in the Supplemental Material [17]. The results of
this analysis show that the SiO2 surfaces (N and T) can be
treated as random Gaussian surfaces.
The friction and jump-off forces determined on both

pairs of substrates, however, show significant differences
(cf. Fig. 1). Thereby, N-type substrates exhibit higher
jump-off and friction forces than T-type substrates. These
differences must be due to the different subsurface compo-
sitions and thereby induced variations in the vdW interac-
tions [12,15]. In other words, the vdW interactions seems
to contribute to friction like an additional normal force.
Since N- and T-hydrophil as well as N- and T-hydrophob
substrates feature the same surface chemistry and struc-
ture, a change of a fundamental dissipation mechanism
concerning friction is not expected.
The experiments were performed with Si3N4 tips

(DNP-S, Bruker AFM Probes, Camarillo, CA, USA) with
a nominal tip radius of 10 nm. The tips were blunted
following a procedure described by Maw et al. [19] in
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order to increase the overall friction force (cf. Fig. 2). Also,
the blunting leads to a very high reproducibility of the
measured friction forces vs applied load. To accomplish
the blunting, the probes were scanned with a Catalyst SPM
(Bruker Nano Inc., Santa Barbara, CA, USA) in contact
mode in de-ionized water on aN-hydrophilwafer with a tip
velocity of 16 �m=s for 120 min with an applied load of
50 nN. Subsequently, the spring constants were derived
using the method described by Sader et al. [20,21].

All friction experiments were performed under standard
lab conditions (25 �C, approximately 50% humidity). Prior
to friction measurements, the surface was examined for
surface defects or contaminations. After the experiments,
the surface was examined again to exclude any damage
and wear. Neither of the two were observed during the
experiments [17]. Also, measurements on different surface

spots on the same substrate showed no differences in
friction force.
The friction experiments were performed using a SPM

(Agilent 5500, Agilent Technologies, Santa Clara, CA,
USA) in contact mode. Data were recorded with 4.8 Hz
and 128� 128 pixels resolution for a scan area of
ð500 nmÞ2. From the 128� 128 pixels per image only
96� 96 pixels from the center part of the image were
used to calculate the friction force in order to rule out
edge effects.
The same tip was used to measure N- and T-type

substrates. On every surface, two spots were probed and
for each spot a cycle of increasing and decreasing load—
ranging from 80 nN to lift off—was recorded. Before and
after every load cycle, force distance measurements were
taken to check for tip changes and to calibrate the zero load
value of the SPM. Thereby, any effect of thermal drift can
be ruled out.
In contrast to previous studies [22], we did not observe

superlinear behavior for friction forces on OTS covered
substrates. This difference can be attributed to a homoge-
neous and highly ordered silane SAM [15] and also. on
the other hand, to a much larger tip curvature used for
this study.
To recapitulate, the experimental jump-off and friction

forces differ depending on the surface chemistry (hydro-
phil and hydrophob) as expected from the literature.
Moreover, our experiments reveal a difference in jump-
off and friction forces on substrates with identical surface
properties but different thicknesses of the SiO2 layers. This
difference was observed independently of the respective
surface chemistry.
Since the surface characteristics such as roughness,

surface energy, and water contact angles are identical
within the experimental error (cf. Table I), the force dif-
ferences cannot be caused by capillary or roughness effects

(a)

(b)

FIG. 1 (color online). Friction vs applied load on
(a) hydrophilic (N-hydrophil and T-hydrophil) and
(b) hydrophobic (N-hydrophob and T-hydrophob) substrates.

200 nm

FIG. 2. Scanning electron micrograph of a blunted tip.

TABLE I. Surface properties of the studied substrates (taken from Ref. [15]; see also the Supplemental Material [17]).

Subtrate

type

SiO2 thickness

[nm]

OTS thickness

[nm]

Roughness [nm]

(rms on 1 �m2)

H2O contact angle

(advancing)

Surface energy

[mJ=m2]

N-hydrophil 0.9 � � � 0.09(2) 7(2)� 63(1)

T-hydrophil 150 � � � 0.13(2) 5(2)� 64(1)

N-hydrophob 0.9 2.8 0.12(2) 111(2)� 24(1)

T-hydrophob 150 2.8 0.15(2) 110(2)� 24(1)
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or the stoichiometry of the SiO2 [17]. Furthermore, an
effect of different elastic moduli for N- and T-type sub-
strates can also be ruled out: though the overall elastic
moduli of the N-type substrates could be higher compared
to the T-type substrates due to the smaller distance to the
underlying harder Si [23,24], it would only induce a load-
dependent effect and could not explain the observed
differences in jump-off and friction forces.

Electrostatic effects can also be ruled out as an origin for
the observed differences: a signature of electrostatic forces
is very high jump-off forces, which were not observed
during the experiments. Moreover, since the experiments
were performed in standard atmosphere, surface charges
should be dissipated. Another aspect to consider is tribo-
electrification of the tip and surface, which could also
contribute to friction [25]. Upon separation of a contact
(here by continuing sliding) a charge may be transferred
from the tip to the sample. However, high quality SAMs
are very unlikely charge traps, and so are thick oxides. If
there was significant charging, enormous jump-off forces
would result, which are not observed as mentioned above.

Both effects—the increase in jump-off and friction

forces on the N-type substrates compared to the T-type
ones—can be explained by considering different van der
Waals interactions between the probe and N- and T-type
substrates. Since vdW interactions depend on the volume
properties of the substrate, they are influenced by the
subsurface composition—viz., the thickness of the oxide
layers. Qualitatively, the higher polarizability of silicon

compared to silicon dioxide induces a stronger interaction
between the probe and the N-type substrate than with the

T type, which is in agreement with the experimental
findings (cf. Fig. 1).
To compare the experimental results with theoretical pre-

dictions, we applied the Derjaguin-Müller-Toporov (DMT)
model [26] to the friction data. The DMT model is appro-
priate due to the involved relatively weak forces and stiff
materials. This assumption is corroborated by the respective
Maugis parameters �T-hydrophil � 0:04 and �T-hydrophob �
0:006 (DMT regime � < 0:1) [27,28]. An extraordinarily
good agreement is found between the experimental data

and the DMT model fit [F / ðL� Ljump-offÞð2=3Þ] for all

probed surface types [cf. Figs. 3(a) and 3(b)].
For the experiments on the hydrophilic samples, the

fits yield the jump-off force of L
N-hydrophil
jump-off ¼ �124ð2Þ nN

and L
T-hydrophil
jump-off ¼ �85:5ð5Þ nN.

The fit produces reasonable system parameters (mean
curvature �hydrophil ¼ 0:110ð2Þ �m�1, normalized shear

strength ��N-hydrophil ¼ 0:420ð6Þ Pa1=3 and ��T-hydrophil ¼
0:387ð2Þ Pa1=3; for further details see the Supplemental
Material [17]). In the case of the hydrophobic samples,

we obtain jump-off forces of LN-hydrophob
jump-off ¼ �30:4ð8Þ nN

and LT-hydrophob
jump-off ¼ �23:8ð5Þ nN. Again, reasonable system

parameters (mean curvature �hydrophob ¼ 0:053ð1Þ �m�1,

normalized shear strength ��N-hydrophob ¼ 0:177ð3Þ Pa1=3
and ��T-hydrophob ¼ 0:169ð3Þ Pa1=3) result from the fit.

To allow a quantitative prediction, however, the next
step is to calculate the effective interface potentials for
N- and T-type systems. Considering two semi-infinite half
slabs [29] of materials i and j interacting through a

(a) (c)

(b) (d)

FIG. 3 (color online). (a), (b) Mean values of friction data vs applied load on hydrophilic (a) and hydrophobic (b) substrates
and respective theoretical predictions using the DMT model. For most of the data points, the error bar is smaller than the symbol size.
(c), (d) Calculated effective interface potentials for the hydrophilic (c) and hydrophobic (d) systems.
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medium M, the nonretarded [30] interaction energy per
unit area is given by�vdWðxÞ ¼ �Ai=M=j=ð12�x2Þwith the
Hamaker constant Ai=M=j. In the case of one single layered

sample, the nonretarded interaction energy per unit area
can be approximated by Refs. [8,31], which is directly
based on the Lifshitz theory:

�vdWðxÞ ¼ � 1

12�

�
Ai=M=l

x2
þ Ai=M=l � Ai=M=j

ðxþ dÞ2
�
; (1)

whereby the probe object is of uniform material i and the
substrate is composed of material j and coated with a layer
of material l and thickness d. In this study, the respective
Hamaker constants for the involved materials were calcu-
lated by employing the Ninham-Parsegian representation
[32] of the "ði�Þ functions as described in Ref. [33]. The
values listed in Table II are calculated using dielectrical
data for decane from Ref. [35], for water from Ref. [36],
and for silicon, silica, and silicon nitride from Ref. [37].

The vdW interactions are only one part of the effective
interface potential. To account for short-range interactions,
an additional term�SRðxÞ ¼ CSR=x

m has to be added to the
interface potential. By choosing m ¼ 8, the difference in
the exponents within the classical Lennard-Jones potential
is preserved. Unfortunately, it is not possible to predict
theoretically the values of the short-range constants CSR

due to the lack of a direct physical access. However, since
the short-range interactions are determined solely by the
topmost atomic layer, they are identical for the N- and
T-type substrates featuring the same surface chemistry,
also indicated by identical values of the water contact angle
(cf. Table I). Hence, it is plausible to obtain the respective
constants directly from the experimental data, i.e., the
jump-off forces.

According to the DMTmodel, the jump-off forces solely
depend on the curvature of the tip and the work of adhesion

�N;T; the latter can be linked to the global minimum �N;T
min

of the effective interface potential [14]:

LN;T
jump-off ¼ � 2�

�
�N;T ¼ � 2�

�
�N;T

min : (2)

Since the identical SPM tip (hence the same curvature)
was used on N- and T-type substrates (hydrophil and

hydrophob), the ratios of the jump-off forces can be
employed to gain the unknown short-range constants.

By this, we obtain C
hydrophob
SR ¼ 2:34� 10�76 Jm2 and

Chydrophil
SR ¼ 2:1� 10�78 Jm2 leading to the respective

interface potentials, as depicted in Figs. 3(c) and 3(d).
In other words, the differences in jump-off and friction

forces observed in the experiments can be correlated to the
different effective interface potentials for N- and T-type
substrates. Except for the small difference in distance
between the AFM tip and the SiO2=Si interface for both
the bare and the SAM-covered surfaces (2.8 nm), the van
der Waals contribution is the same for hydrophobic and
hydrophilic termination of the surface, as shown by the
same relative increase in the jump-off and friction forces
in each case.
To conclude, the influence of van der Waals interactions

on the single asperity friction on hydrophilic and hydro-
phobic substrates is demonstrated. The van der Waals
interactions are tuned by varying the oxide layer thickness
of the substrates. The jump-off and friction forces are
stronger on the substrates with a thin oxide layer than on
substrates with a thick oxide layer independently of the
surface energy and roughness. For both types of surfaces
(hydrophilic and hydrophobic), the experimental data can
be described by theoretical calculations of the effective
interface potentials in combination with the DMT model.
The results demonstrate that van der Waals contributions
have to be considered in order to quantitatively describe
friction forces; this requires a thorough understanding of
the composition of the interacting objects.
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