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Stacked hetero-structures of two-dimensional materials allow for a design of interactions with corres-
ponding electronic and mechanical properties. We report structure, work function, and frictional pro-
perties of 1 to 4 layers of MoS, grown by chemical vapor deposition on epitaxial graphene on SiC(0001).
Experiments were performed by atomic force microscopy in ultra-high vacuum. Friction is dominated by
adhesion which is mediated by a deformation of the layers to adapt the shape of the tip apex. Friction
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decreases with increasing number of MoS, layers as the bending rigidity leads to less deformation. The
dependence of friction on applied load and bias voltage can be attributed to variations in the atomic
potential corrugation of the interface, which is enhanced by both load and applied bias. Minimal friction is
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Van der Waals heterostructures are stacks of 2D materials
which are held together by the van der Waals attraction among
the molecular sheets. Their specific assembly allows for a
tuning of materials properties." Misfit strain, charge redistri-
bution, and interlayer coupling affect electronic and plasmonic
structure of the heterostructures and open new opportunities
for electronic and optical devices.” One example of mechanical
mechanisms in van der Waals heterostructures is the demon-
stration of self-reorientation in the graphene/h-BN system.’
The high in-plane strength and weak out-of-plane interaction
of 2D materials have brought them into the focus of tribology,
the science of friction, wear, and lubrication. Especially gra-
phene and MoS,, the building blocks of well-established solid
lubricants, have been investigated with respect to mechanisms
of lubrication.*™®

Friction on van der Waals heterostructures is studied in two
categories. In the first category, the shear plane lies between
the 2D materials forming the heterostructure. Examples are
the pioneering work by Dienwiebel et al. on structural lubricity
as function of the twist angle between graphene attached to
the tip and graphene as top layer of graphite,” the demon-
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obtained when work function differences are compensated.

stration of the same effect for MoS,,° and the recent study on
edge- and step-pinning effects for MoS, sliding on graphitic
surfaces.'® Important concepts in this category are structural
superlubricity’® and the role of charge redistribution for the
effective potential surface of sliding 2D materials.'® Structural
lubricity within heterostructures was demonstrated not only in
nanoscale but also in micrometer-scale systems."

In the second category, sliding friction is measured and
modeled for contacts on top of heterostructures of 2D
materials. For example, Lavini et al. have discovered an odd-
even contrast for the number of MoS, layers on graphene'*
and Vazirisereshk et al. have quantified the friction contrast
between each 2D material and the MoS,/graphene hetero-
structure.’®> The interaction of mismatched lattices in gra-
phene/h-BN has been revealed as Moiré pattern in atomic-
scale friction maps recorded on the heterostructure.'®'”

The combination of attractive tribological and exotic elec-
tronic properties has motivated studies on the control of fric-
tion on 2D materials by applying an electrical field across the
sliding contact. A dependence of nanoscale friction on the
applied tip-sample bias has been reported for graphene,'®"°
h-BN,>%*' MoS,,>*** and MoSe,.>* The enhancement of
adhesion by electrostatic attraction was identified as a major
contribution to friction. All these studies were carried out in
ambient environment and effects of the electric field on capil-
lary water bridges at the contact were investigated for their role
in friction enhancement.**°

Here, we report results for nanometer-scale friction on 1-4
layers of chemical vapor deposition (CVD) grown MoS, >>*® on
epitaxial graphene on SiC(0001).>” Friction force microscopy
experiments were performed in ultra-high vacuum using both
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conductive and insulating probes to investigate the effects of
an applied bias voltage. Relevant parameters of adhesion and
friction as function of the applied bias voltage are discussed in
terms of contact mechanics for the bendable 2D materials,
electrostatic adhesion, and polarization of the MoS,.

1. Results

The CVD growth of MoS, on graphene/SiC(0001) resulted in a
distribution of islands of varying height, ranging from single
layers to four or more layers. A typical triangular monolayer
MoS, island is shown in Fig. 1a. The measured height of the
island is 0.5 nm, a little less than expected based on chemical
structure and reported previously.">*® The simultaneously
recorded friction force map shows higher friction on the MoS,
island compared to the graphene/SiC(0001) substrate.
Throughout this report, friction is recorded for the oxidized
silicon tip of the AFM sliding on stationary MoS, islands. In
contact mode, the AFM tip can displace MoS, islands on atom-
ically flat graphene terraces even at very low applied forces.***°
Here we report results only for islands which are firmly
attached to substrate features such as steps of the SiC(0001)
substrate. No tip-induced shear displacement of MoS, layers
with respect to the underlying MoS, island was observed in
our friction experiments. Friction maps with atomic stick-slip
pattern (see ESIT) reveal that the MoS, islands are aligned with
graphene substrate lattice. The Moiré pattern of the complex
interface between reconstructed SiC(0001) and graphene (see
ref. 6) obscures any Moiré pattern on monolayer MoS,, which
could be expected from the lattice mismatch between gra-
phene and MoS,.

The load dependence of friction on MoS, islands with a
thickness between 1 and 4 layers is summarized in Fig. 1b.
The load dependence exhibits the sub-linear characteristic of
single-asperity friction with significant adhesion.'>! Friction
decreases from 1 to 4 layers of MoS,, primarily due to a
decrease in adhesion. Fig. 1b also shows the relatively small
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Fig. 1 (a) Topographic contact-mode AFM image of a monolayer tri-
angular MoS; island grown on monolayer graphene/SiC(0001), and fric-
tion force map recorded simultaneously with the data presented in (a) at
a load of 2.73 nN (scale bars: 100 nm). (b) Friction force as a function of
normal force for 1-4 layers of MoS, on graphene/SiC(0001). Results are
presented at compensated contact potential difference (®) and 0.8 V
above (>) or below (<)) using a conductive tip. The data are fitted with
the DMT model indicated.
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changes in friction when a bias voltage is applied to the
sample. We have determined the contact potential difference
(CPD) between tip and sample as the bias voltage Ucpp at
which the electrostatic tip-sample attraction is minimized.
This measurement is performed in non-contact mode by
Kelvin Probe Force Microscopy (KPFM).>* Friction data was
recorded at compensated contact potential difference and for
selected voltages above and below Ucpp.

To describe the dependence of the friction force Fr on the
normal force Fy by relevant parameters, we have modeled it as
Fr = A, where 7 is the shear strength and A is the contact area
which is described by the Derjaguin-Muller-Toporov (DMT)
contact mechanics model:**

Wi

3R 3 T 2
Fp=m|—|- “(Fx + 2Ry )= ppr - (Fx + 27Ry)?, (1)
4 ) Eeg

2

3

where R is the tip radius, E. is the effective elastic modulus of
the combined system of tip and sample, and y is the adhesion
energy. For simplicity, we define a normalized shear stress
Upmr = T(3R/ 4)%1/ (Eeff)%. The DMT fits describe the non-linear
load dependence of friction by two parameters, the tip-specific
friction coefficient ppyr for single-asperity friction and the
adhesion energy y, which is defined by an adhesive contri-
bution to friction at zero applied load. We will discuss below
in how far the deformation of layered materials limits the
applicability of the DMT contact mechanics model.>*

All experimental results presented in Fig. 1 were recorded
with one electrically conductive AFM tip. The conductivity of
each tip depends on the thickness of the oxide layer at the tip
apex, which is easily worn off in contact-mode experiments.
Since we have found differences in bias-dependent friction
between conductive and insulating tips, we characterize their
properties in comparison. The electrical current vs. applied
voltage for a conductive tip in contact with 1 to 4 layers of
MoS, is plotted in Fig. 2a. The current depends strongly on the
applied normal load, increasing from 20 to 370 pA when
increasing the normal load from 0 nN to 70 nN on a monolayer
MoS, at a bias of —1.2 V. On 4 layers of MoS,, the current
increases only from 6 to 12 pA in the same range of normal
forces. While we cannot offer a predictive model for the
current-voltage characteristics of the interface comprising
doped silicon, silicon oxide, MoS, layers, graphene, and SiC
(0001), we noticed that the conductivity was reduced to zero
for an insulating tip (Fig. 2a).

A bias voltage applied between sample and tip is expected
to increase their electrostatic attraction. We have combined
friction force microscopy with non-contact Kelvin Probe Force
Microscopy using the same AFM tip to determine the bias
voltage at which the electrostatic attraction is minimized. The
minimum indicates that the contact potential difference is
compensated and reveals the work function difference
between tip and sample. Fig. 2b compares the contact poten-
tial difference Ucpp between tip and sample for the conductive
and the insulating tip. There is constant offset of 0.81 V
between the two tips for all surface layers, which confirms a

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Comparison of a conductive and an insulating tip. (a) Electrical
current as function of applied bias and applied load for the tips in
contact with 1-4 layers MoS, on graphene/SiC(0001). (b) Layer-depen-
dence of the contact potential difference Ucpp for conductive and insu-
lating tip, determined by non-contact KPFM. (c) Strength of bias-depen-
dent electrostatic tip—sample interaction a for 1-4 layers of MoS, and
the underlying graphene/SiC(0001), determined by non-contact KPFM.
(d) TEM image of a conductive tip with crystalline structure of the Si
(100) plane close to the apex. (e) TEM image of the insulating tip with
amorphous structure of the apex (scale bars: 5 nm).

constant difference in the work function between tips. The
relative shift of the work function for different numbers of
MoS, layers with respect to the graphene/SiC(0001) is the same
for both tips, the values are provided in Table 1. Performing
these experiments in ultrahigh vacuum ensures that the values
are not affected by water as the most critical adsorbent.*

In Kelvin Probe Force Microscopy (KPFM), the bias depen-
dence of the electrostatic tip-sample attraction is measured as
negative frequency shift of the cantilever’s resonance. The nor-
malized frequency shift*® has a parabolic dependence on the
applied bias Af]fykA*? = —a(U — Ucpp)®. Fig. 2c shows that the

This journal is © The Royal Society of Chemistry 2023
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Table 1 Work function shift of 1 to 4 layers of MoS, with respect to the
graphene/SiC(0001) substrate

1L 2L 3L 4L

—242 mV —210 mV —-188 mV —-174 mV

strength of the electrostatic tip-sample attraction is at least a
factor of three smaller for the insulating tip and does not vary
when measured on graphene or 1 to 4 layers of MoS,. In con-
trast, the conductive tip has a significantly stronger interaction
with graphene and shows a slight decrease in interaction with
increasing number of MoS, layers.

Transmission electron microscopy (TEM) delivers insights
into the structure of the AFM tip apex. While the conductive
tip exhibits the regular atomic lattice of the Si(001) plane up to
2 nm below the tip end (Fig. 2d), the insulating tip exhibits the
amorphous oxide structure for at least ten nanometers from
the tip end (Fig. 2e). Such a thick oxide at the apex is result of
the micro-fabrication process and typical for un-used tips, but
is easily lost in the process of imaging larger areas to find
MosS, islands of different height. Tips were imaged by TEM
immediately after the friction experiments on different MoS,
islands.

The dependence of the DMT parameters on the applied
bias voltage and on the number of MoS, layers is summarized
in Fig. 3 for one conductive and one insulating tip. For the
conductive tip, the DMT friction coefficient upyr shows a
minimum around the compensated contact potential Ugpp,
with a decrease of about 5% with respect to +0.8 V bias. The
adhesion parameter y exhibits a weak maximum at Ugpp. We
note that these bias dependencies do not take the parabolic
form which is always observed for the electrostatic attraction
in non-contact mode. While pupyr decreases by about 15%
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Fig. 3 Graphical summary of parameters describing the load depen-
dence of friction in the DMT model for 1-4 layers of MoS, on graphene/
SiC(0001) for (a and b) a conductive tip and (c and d) an insulating tip. (a
and c) Bias-dependence of the DMT friction coefficient ppmt. (b and d)
Bias-dependence of the adhesion parameter y.
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Fig. 4 Layer-dependence of the parameters describing the load
dependence of friction in the DMT model at compensated contact
potential for three conductive tips (full symbols) and one insulating tip
(hollow symbol).

from 1 to 4 layers of MoS,, the adhesion y drops linearly to
almost zero.

For the insulating tip, ppmr exhibits a much weaker
minimum at the compensated contact potential Ucpp and also
a much weaker dependence on the number of MoS, layers
(Fig. 3c). The bias dependence of the adhesion is also weaker,
but a strong dependence on the number of MoS, layers lets y
decays towards zero for 1 to 4 layers.

The dependence of friction on the number of MoS, layers is
compared with that for the graphene/SiC(0001) substrate in
Fig. 4 for three different conductive tips and one insulating
tip. The DMT friction coefficient ppyr is more than six times
higher on 1 layer of MoS, than on the underlying graphene/
SiC(0001), it is also more than three times higher for the con-
ducting tips than for the insulating tip on graphene/SiC(0001)
and on 1 layer of MoS,. For all conductive tips, upyr takes a
reduced value on 4 layers of MoS,. The adhesion parameter y
is close to zero on graphene/SiC(0001) for all tips. On MoS,, it
takes values of up to 500 mJ m~>, or 300 mJ m~> for the insu-
lating tip, and decays strongly from 1 to 4 layers.

2. Discussion

The experimental results for the SiO, tip sliding on MoS,/gra-
phene/SiC(0001) can be summarized in three key observations:
the decrease of friction on an increasing number of MoS,
layers is caused mostly by a decrease of adhesion and less by a
decrease of shear stress, an applied bias voltage affects the
shear stress but not the adhesion, and the effect of the bias
voltage depends strongly on the thickness of the oxide layer on
the tip.

The dominance of adhesion in the layer-dependence of fric-
tion on MoS, is revealed by the offset between friction vs. load
curves for different layer number, where the curves have a
similar slope (Fig. 1b). Similar characteristics have been
reported before for experiments on MoS, of varying thickness
in ambient conditions'*'>*7*® and are confirmed here for
measurements in ultrahigh vacuum on CVD-grown MoS,. The
strong decrease of adhesion from 1 to 4 layers of MoS,, almost
to zero for most tips (Fig. 4b), cannot be attributed to the
screening of electrostatic adhesion, since there is almost no
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bias dependence of adhesion (Fig. 3b and d). We rather
suggest that out-of-plane deformation of the MoS, layers leads
to a conformation of the layers to the tip apex shape, thus to a
larger contact area, and consequently to higher friction. This
so-called ‘puckering’ effect is reduced with increasing number
of MoS, layers due to the increasing bending stiffness.®*” The
interaction of MoS, with the graphene is expected to be weak
(0.15 mJ m~2)*® compared to the interaction between MoS,
layers (0.55 mJ m~?)."® Fang et al. have suggested that the
layer-dependence of friction depends on the tip shape, when
friction depends on both shear stress and effects of out-of-
plane deformation.*' In terms of their arguments, the layer
dependence of friction on MoS, in our experiments is domi-
nated by the out-of-plane deformation caused by a sharp AFM
tip. A contribution of out-of-plane deformation to friction is
not expected for the epitaxial graphene layer, which is more
strongly bound to the graphitic termination of the SiC(0001)
substrate.*” This expectation is confirmed by the absence of
any significant adhesion on graphene/SiC(0001) for all tips
(Fig. 4b).

The tip-specific friction coefficient ppyr exhibits only a
weak decrease with increasing number of MoS, layers (Fig. 4a).
This weaker dependence of upyr on the number of layers con-
firms that the variation in friction can mostly be attributed to
a variation of the effective adhesion y, and not to a variation of
the effective compliance 1/E.¢*°. The weak dependence of
upmr also indicates that there is no strong variation of E.¢ with
the number of layers. The parameter upyr reports the load
dependence of friction and we conclude with Vazirisereshk
et al.'® that the dominating physical property is the load-
dependent atomic potential corrugation which impedes the
lateral sliding. In agreement with their atomistic simulations,
the coefficient upyr is significantly smaller for graphene than
for MoS,. Lavini et al. have noted that the in-plane polarization
of each MoS, layer may cause a difference in friction between
odd numbers of MoS, layers and even-numbered ones with no
net polarization."* The coefficient of load dependence upmr
indeed shows such an odd/even contrast for all conductive tips
(Fig. 4a). For our system of large single-crystal islands of MoS,,
the odd/even contrast does not reflect charges at the edges of
MosS, islands but rather contrasts in the load-dependence of
the potential corrugation.

Friction is lower when the applied bias voltage compensates
contact potential difference between tip and sample (Fig. 3),
which was determined as Ucpp in the non-contact KPFM
mode. This bias dependence of friction is observed only at
higher load, while friction at zero applied normal force does
not show the bias dependence (Fig. 1b). Although our KPFM
experiments reveal that there must be an electrostatic contri-
bution to adhesion, is appears to be a negligible contribution
for bias voltages +1.2 V around Ugpp. We suggest that the bias
dependence of friction originates in an increase of the poten-
tial corrugation when the in-plane polarization of the MoS,
layers is distorted in the external normal electric field.

The shift in work function between graphene/SiC(0001) and
MoS,/graphene/SiC(0001) of —242 mV is of the same order as

This journal is © The Royal Society of Chemistry 2023
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the one reported by Forti et al. for WSe, on the same substrate,
who explained the overall electronic structure in terms of
pinning by the n-doping in the graphene layer on SiC(0001).*?
The shift in work function of 30 mV between 1L and 2L and
then between subsequent layers is smaller than reported for
MosS, flakes on SiO,** and smaller than for MoS,/graphene/
SiC(0001) recorded in ambient conditions, where charged
adsorbates influence the work functions.™

Contact potential difference Ugpp, conductivity of the
contact with the MoS, layers, and the bias-dependence of
electrostatic tip-sample attraction depend critically on the
oxide thickness at the tip apex (Fig. 2). While no current was
detected through contacts with the 10 nm oxide tip, a tunnel-
ing current was measured for the 2 nm oxide tip where the
current increased super-linearly with applied bias. This charac-
teristic has been explained by Liao et al. for a metal tip in
contact with MoS,/graphite as thermally emitted current
across a Schottky barrier.*> The authors attributed the load
dependence of the current (Fig. 2a) not only to a variation of
the contact area but also to a decrease of the Schottky barrier
with increasing pressure. We find that the current is greatly
reduced for thicker MoS, layers and suggest that the tunneling
probability across multi-layer MoS, may be further reduced by
the band gap expected for negative sample bias.>**°

The oxide at the tip also has a strong influence on friction
and its bias dependence. While the adhesion y is of similar
magnitude and shows the same dependence on the number of
MoS, layers (Fig. 4b) for insulating and conductive tips, the
tip-specific coefficient upyr is by a factor of three lower and
does not show any layer dependence for the insulating tip.
Furthermore, the bias dependence of ppyr (Fig. 3a) is flat for
the insulating tip (Fig. 3b). Please note that compensation of
the work function minimizes the electrostatic attraction but
does not cancel electric fields across the contact. This is mani-
fest by the observation of significant electrical current through
the conductive tip at an applied bias of —0.4 V (Fig. 2a), which
is the compensating bias for this tip (Fig. 2b). However, no
current is measured through the insulating tip at the higher
bias of —1.2 V, which is the compensating bias for this tip.

These observations support our picture of the underlying
mechanisms. The adhesion is dominated not by electrical tip
properties but by out-of-plane deformations of MoS, layers
towards the shape of the tip apex, with a smaller resulting
contact area for the tip whose sharp oxide is not worn off. The
friction coefficient upyr is sensitive to an enhancement of the
atomic potential corrugation in the applied electric field,
which is rather weak when the potential is applied across an
tip oxide as thick as 10 nm.

3. Conclusions

In conclusion, the combination of non-contact Kelvin Probe
Force Microscopy with contact-mode friction force microscopy
in ultra-high vacuum has revealed the mechanisms of nano-
scale friction on ultra-thin layers of MoS, grown on graphene/

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

SiC(0001). The overall strength of friction is dominated by
adhesion which is mediated by a deformation of MoS, to
adapt the tip shape. Friction decreases with increasing
number of MoS, layers as the bending rigidity leads to less
deformation. The dependence of friction on applied load and
bias voltage can be attributed to variations in the atomic
potential corrugation of the MoS,/SiO, interface, which is
enhanced by both load and bias. The results enrich our under-
standing of the mechanical properties of heterostructures of
2D materials and thus contribute to a rational design of lubri-
cating interfaces built from this new class of materials.

4. Experimental methods
Sample preparation

The stacked MoS,/graphene heterostructure is fabricated by a
two-step procedure. First, the monolayer graphene is prepared
ex situ on SiC(0001) surface via the high-temperature (around
1560-1570 °C) graphitization in an Ar atmosphere of
900 mbar.”” Then, 1-4 layer MoS, crystals were grown on the
epitaxial graphene in a chemical vapor deposition (CVD)
reactor at 680 °C using a method reported previously.”> No
additional cleaning procedures were applied after transfer of
the samples to the UHV AFM chamber. After finishing all
experiments, we heated the sample in UHV to a temperature of
about 550 K for 2 hours and confirmed in additional experi-
ments that surface structure and AFM results were still com-
parable to those recorded on as-grown samples.

Atomic/friction force microscopy experiments

All the experiments were performed in a custom-built UHV
AFM (Omicron, VT AFM XA) at room temperature. The softer
PPP-CONT silicon cantilevers (Nanosensor, the nominal spring
constant k, = 0.2 N m™" and the first flexural frequency f; = 12
kHz) were used for both topography/bias and the friction force
measurement. The scanning strategy is to search for flat areas
with MoS, islands of different height by means of large-area
non-contact mode AFM. We then limit the scanning to that
flat area using low-load friction and KPFM experiments to pre-
serve the tip structure for comparability between islands with
different number of layers. The normal and lateral forces were
calibrated with the sensitivity of the photodetector (obtained
from the force-distance curve)’” and the cantilever dimensions
(measured by the scanning electron microscope at 10 kV, FEI
Quanta 400 SEM). Additionally, the tip structure was analyzed
after friction and KPFM experiments with a transmission elec-
tron microscope at 200 kV (JEM-2100 LaBs TEM). The applied
normal load ranges from 0 to 120 nN within the elasticity of
the selected 2D materials.*® The scanning speed was set as
20 nm s~ " for the whole experiment. Notably, the friction force
were calculated from the average lateral force between the first
half of forward curve and the second half of the backward
curve. It will effectively avoid the seriously tilted slopes of the
normal-frictional curves at higher loads (see Fig. S47), i.e. the
underestimation of the friction force.
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Furthermore, Kelvin probe force microscopy (KPFM) was
carried out to measure the contact potential differences (Ucpp)
between tip and sample surfaces, which is related to the tip-
sample electrostatic force Fe; as below:
10C R )

)

20 AU = e, [Usias — Ucep + Unc cos(@act)]

el =

(2)

where C, z and AU are capacity, distance and voltage difference
between tip and sample, respectively. In the UHV system, the
capacity coefficient can be written as the latter form in eqn (2),
where ¢, is the vacuum permittivity. Besides the applied bias
Usias and Ugpp in the voltage difference AU, an additional AC-
voltage Unc component modulated at a frequency wac is
added. KPFM will control the DC-voltage Ugi,s by reducing wac
of the induced oscillation at the AC-frequency to zero. Then,
the contact potential map of the sample surface is given by the
variation of Ug;,s, as the Ucpp values shown in Fig. 2b.

As we know in the nc-AFM, the frequency shift Af can be
used to describe tip-sample interaction, which is proportional
to the tip-sample force and distance (Fis-z). To factor out the
dependence on the experimental parameters, it can be normal-
ized as below:

2
=%, ®

r=—

0
where k, A and f; are the spring constant, amplitude and eigen-
frequency of the cantilever, respectively. Thus, the normalized
frequency shift I" can be rewritten according to the binomial

expansion of Ug;,s from eqn (2) and (3) as below:
Ir=ry— a(UBias - UCPD)Z- (4)

where « is the frequency-bias coefficient, N m®> V=2, with the
values shown in Fig. 2c.
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