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Friction force studies on layered materials using an
Atomic Force Microscope

H. Klein *, D. Pailharey, Y. Mathey

Groupe de Physique des Etats Condensés UMR 6631 CNRS, case 901, Université de la Méditerranée, 13288 Marseille, Cedex 9, France

Abstract

We have studied friction force versus normal load on the nanometer scale on three layered materials which are expected to exhibit
different mechanical properties: 2H-MoS,, 2H-NbSe,, a-Mo0O;. Different behaviours have been observed, such as plastic deformation
and local wear. Under well-defined conditions there exists an analogy between nanoscopic experimental results and macroscopic
friction results predicted by models (Amontons’ law for instance). It is then possible to extract mean values of the friction coefficient
on the nanometer scale. We are interested in friction measurements under atmospheric conditions which correspond to real sliding
conditions. The influence of parameters such as surface pollution and scan speed appears to be determinant for the reliability of the

results.
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1. Introduction

Atomic force microscopy (AFM) is known as a
convenient tool for imaging surfaces up to atomic
resolution. Thanks to its conception, AFM is also
an excellent tool for probing fundamental forces,
Van der Waals and electrostatic forces for instance,
and more particularly friction forces. Recently,
AFM has brought a new understanding in funda-
mental mechanisms of friction and adhesion on
the atomic scale [1-6]. But it could also be power-
ful for the comprehension of friction phenomena
(wear and degradation) on the nanometer scale
[7], which is of great interest for industry. From
this point of view, investigation on layered materi-
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als [1,8,9] constitutes a model case for these
problems, and it is of interest to perform friction
studies on these prototype surfaces under atmo-
spheric, i.e. real, conditions.

2. Principles of friction force measurements using
AFM

By scanning the AFM probe (a sharp tip
mounted on a flexible cantilever) over a surface,
the interactions between the tip and the surface
induce cantilever deflections recorded by deviation
of a laser beam as shown in Fig. 1. These deflec-
tions contain both topographic and frictional
information about the surface.

According to several models [10] (Amontons’
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Fig. 1. Schematic description of the cantilever movement detec-
tion: tip displacements lead to movement of the laser beam
reflected on the cantilever. This movement is detected on the
four quadrant photodiode.

law, JKR model, etc.), the friction force F; is
dependent on the normal load F,.

In addition, on the nanometer scale the friction
force intensity depends also on further parameters
such as surface pollution [11,12], which modifies
the characteristics of the tip/surface interface, sur-
face roughness [13], which causes normal load
variations, or tilt of the probed surface out of the
AFM scan plane [14], which leads to variation of
the signal level read on the microscope detector.

3. Experimental measurements of F;

In AFM the intensity of the normal load F,
applied to the tip is easily obtained by multiplying
the cantilever deflection Az by its normal spring
constant I, (in our case a V-shaped silicon nitride
cantilever, 193 um in length, normal spring
I,=0.03Nm™}):

F,=T, Az (1)

This normal load is in the range of a few
1078 N, and contains both the interfacial adhesive
force and the externally applied force normal to
the surface [15].

During lateral scanning (perpendicular to the
longitudinal axis of the cantilever), cantilever tor-
sion occurs due to friction force at the tip/surface

interface. For a flat surface (i.e. atomically
smooth), the detected signal depends mainly on
the friction phenomenon (Fig.2). Nevertheless,
due to sample roughness, the lateral scan leads to
a mixed signal where a component resulting from
sample topography is superimposed on the real
friction signal. Roughness can also affect local
values of F, and, consequently, the friction coeffi-
cient [13]. To minimize this phenomenon, it is
necessary to investigate surfaces with the minimum
of roughness and, when comparisons are desired,
to compare surfaces with similar roughnesses.
Following these requirements, cantilever torsions
are mainly produced by the friction force resulting
from the applied normal load and tip movement.

For such a lateral mode it could be tempting to
use, in analogy with Eq. (1), a very simple relation-
ship between cantilever torsion angle and friction
force:

Ff=rt'9 (2)

where I, represents the torsional spring constant
of the cantilever, and 6 the angle of torsion.
Nevertheless, such a procedure is not trivial using
a commercial atomic force microscope (Nanoscope
I11, Digital Instruments). Indeed, 1", depends only
on cantilever and tip geometry and material con-
stants (E, G, v) of the cantilever [16]. This constant
I, could be obtained by calculation [17] or experi-
mental calibration [18]. But the measurement of 8
and consequently the measurement of F; intensity
is connected to the microscope setup (geometry,
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Fig. 2. Schematic representation of a tip submitted to a friction
force during a lateral scan.
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sensitivity of the photodiodes). Therefore, it is
clear that we need an accurate method to calibrate
our F; measurements and to extract friction contri-
butions from the torsion signal detected during a
lateral scan.

Ruan and Bhushan [19] have proposed an origi-
nal method to calibrate the atomic force micro-
scope for these measurements, using both usual
(parallel to the longitudinal axis of the cantilever)
and lateral scanning. In usual scanning, the atomic
force microscope is already calibrated to measure
vertical deflections of the cantilever and conse-
quently the forces applied to the tip (Eq. (1)). In
this direction, the friction force is superimposed
on the normal force, and the measured signal
contains both topographic and frictional informa-
tion (Fig. 3). Therefore, upon operating on very
flat surfaces where the topographic signal is negligi-
ble with respect to the friction signal, we can
obtain meaningful F; values. As we expect the
same friction force at the tip/surface interface
during a usual scan as during a lateral scan, we
can link the friction signal V; (in volts) detected
upon laterally scanning to the values extracted
from the usual scan. This method leads to a
relationship:

Fo=k-V, (3)

However, to obtain an exact value of k it is
important to suppress the topographic contribu-
tion of the signal. The topographic signal is inde-
pendent of scan direction, as opposed to the
friction signal which has an algebraic intensity
depending on the scan direction. By subtracting
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Fig. 3. Superimposition of topographic and frictional informa-
tion during a usual scan.

two AFM pictures recorded in the forward and
backward scan directions, we could then obtain a
mean value of the true friction signal.

In our case, the calibration carried out on a flat
(111) silicon single crystal (less than 0.1 nm RMS)
gives k=2+02x107°N 1!

4. Different frictional behaviours for lamellar
materials

We study here three layered materials,
2H-MoS,, 2H-NbSe, and o-MoO; [20], which
have their general bidimensional structure in
common, but differ in their interlayer cohesion
because of their electronic (d2 Mo for MoS,, d!
Nb for NbSe, and d° Mo for MoOs,) and crystallo-
graphic structures (hexagonal with different unit
cell parameters for MoS, and NbSe,, orthorhom-
bic for MoO;). Upon considering Van der Waals
gaps [21], MoS, is expected to have the lowest
and MoO; the highest interlayer cohesion. For
these reasons we expect different frictional behavi-
our for these three materials during AFM scans.

For our tests, samples are all single crystals
freshly cleaved along their highest density plane.
It is noteworthy that these surfaces are all atomi-
cally smooth at the beginning of the experiments
(RMS in the range of 0.1 nm). They are investi-
gated by AFM in air, under the experimental
conditions described above. All the experiments
presented below are performed with the same tip?
on a 1pmx1 pum square area at 1 pms~! scan
speed. During the tests we make F,, variable, firstly
increasing to a maximum value and then decreas-
ing to the initial value, in order to put in evidence
reversible and irreversible phenomena due to fric-
tion (wear for instance). We present hereafter
graphs showing the variation of F; vs. F, for the
three samples. We present also pictures recorded
by AFM in topographic mode at the end of each
friction acquisition series.

2H-MoS, is known to be a good lubricant on

! Nanoscopelll AFM, Digital Instruments, V-shaped silicon
nitride cantilever of 193 um length with 77,=0.03 N m 1.

2 V-shaped cantilever of 193 pm length{ with
I,=0.03Nm™ . !



the macroscopic scale because of its low interlayer
cohesion. Fig. 4(a) shows that there is no correla-
tion between F; and F,, following a known friction
model, except in the first steps where F; vs. F,, is
more or less linear according to Amonton’s law.3
Moreover, the topographic picture of Fig. 4(b)
exhibits a surface where the investigated area
during friction measurements is darker (meaning
at a lower level) than the unaltered surface. The
area corresponding to the presented results is
delimited by a line, other darker areas correspond
to preliminary experiments.

These facts lead us to think that the MoS,
surface has been modified during the experiment
beyond a threshold value of F, (2.3 x1078N).
This modification could be explained by a plastic
deformation (depression) of the material under the
tip stress, because we have not seen on the surface
profile (Fig.5) any material rejected out of the
investigated area.

In the case of 2H-NbSe,, which has a higher
interlayer cohesion than MoS, (Fig. 6(a)), when
F, increases, F; measurements are incoherent with
large variations of intensity due to subsidiary
phenomena. Interestingly enough, as soon as F,

5.5x10°0 e

5.0x10°° 4
- == F, increasing h

S ]
4,5x10 |- » - F, decreasing 1

4.0x10°® e

Z 35107 B

e ]
30x10 0] g

; e
25¢10°® + TP L PR
| P Tt
2,0;(10"3«. o ]
e

1,5x10°C -] _/ e

20x10%  22x10° 24x108  2,6x10% 26x10% 3x10® 32108
F, (N

(a)

decreases after the first normal loading, the rela-
tionship between F; and F, becomes linear, in full
agreement with Amontons’ law. After this first
experiment we carried out several load/unload
cycles showing a linear relationship F; vs. F,, even
if F, is increasing again. The topographic picture
after the first experiment (Fig. 6(b)) exhibits a
surface with several holes in the investigated area
(delimited by a line), and many material fragments
scattered out of the investigated area during topo-
graphic picture recording on a larger size. The
mean depth of the holes, in the range of 10 A
(Fig. 7), roughly corresponds to the thickness
(6.7 A) of one layer of NbSe,.

This clearly indicates a local wear during the
first F, increase, and after the sweeping away of
layer fragments which disturb the microscope regu-
lation, we obtain a linear relationship between F;
and F, on a surface which remains unchanged
with a constant RMS even if we perform further
friction measurements with the same F, range.

This phenomenon of wear on NbSe, has been
observed previously by Lieber and Kim [22].

For «-MoO;, during the load/unload cycle of
F,, the relationship between F; and F, is linear

(b)

Fig. 4. (a) F; vs. F, during friction test on a 2H-MoS, single crystal. (b) AFM picture recorded after the friction test, exhibiting a

depression of the surface.

3 Amontons’ law defines a constant coefficient of friction
" :Ff/Fn-
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Fig. 5. AFM surface profile in the depressed area of the 2H-MoS; single crystal after the friction test. The vertical distance between

the two cursors is 4.7 A.

according to Amontons’ law, Fig. 8(a). Fur-
thermore, it is obvious that the surface is kept un-
altered during AFM scans, Fig. 8(b). We correlate
this observation with a strength of interlayer inter-
action higher in MoOj than in MoS, or NbSe,.

From our experiments it appears that when
surfaces are unaltered during the measurements,
as in the MoO; case, friction behaviour on the
nanometer scale could be compared to classical
behaviour on the macroscopic scale.

During AFM friction measurements on MoOs,
the linear evolution F; vs. F, follows the
Amontons’ law, which defines a constant coefhi-
cient of friction u. This law is verified when the
true area of a contact is proportional to F,. This

is often true on the macroscopic scale, where
contact areas are rough. In this configuration,
when F, increases, new asperities are created by
plastic and elastic deformations, increasing the
true contact area. On the nanoscopic scale, a single
elastic contact results in an Fyoc F2* law [12]. We
interpret our observation of a linear relationship
F; vs. F, as evidence of the rough nature of the
tip/surface contact. It allows us to extract a mean
friction coefficient value of 0.022 for the investi-
gated surface on the nanometer scale.

Although some phenomena, such as ploughing
or surface deformation, act on the nanoscopic
scale, they are negligible with respect to those
acting at the macroscopic scale [2]. This explains
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Fig. 6. (a) F; vs. F, during friction test on a 2H-NbSe, single crystal where measurements for increasing F, are incoherent. A mean
value #=0.011 is extracted for decreasing F,. (b) AFM picture recorded after the friction test, exhibiting a local wear of the surface.

why the nanoscopic values of y are small compared
to the macroscopic ones, as already observed for
many materials [19,23,24].

5. Importance of parameter control

The investigation of the frictional behaviour on
the nanometer scale appears to be very delicate,
and some parameters are susceptible to play a role
of utmost importance. In particular, the question
immediately arises of surface pollution in air.
When this phenomenon is significant, friction
measurements on the nanometer scale may be
totally incoherent.

For instance, it is known that on silica there is
an important condensation of water and other
pollutants on the surface when kept in air.
Following our experimental protocol, on an ini-
tially cleaned and dried silica surface, several force
measurements at various times give different
results, indicating that there is a growing layer of
pollutants on the surface. Consequently, the
tip/surface interface is continuously changing and
force measurements remain impossible. When the
surface is saturated by water, measurements are
also impossible, because during a continuous scan
the tip modifies the layer adsorbed on the surface.

With a lower scan speed, an interface equilibrium
would be obtained, and coherent measurements
performed.

If measurements are coherent in air (with
MoO; for instance), it does not mean that the
surfaces are unpolluted, but that there is a dynami-
cal equilibrium of the tip/surface interface includ-
ing pollutant layer on the surface, pollutant
meniscus around the tip, and material fragments
pulled off from the surface and from the tip.

Obviously, in these conditions, friction measure-
ments are not really characterising the investigated
surface, but a system resulting from the adsorption
of pollutants on the material surface.

As far as MoOj is concerned, the linear depen-
dence of F; vs. F, indicates the relatively low
degree of pollution of the surface. Indeed, in the
case of an important pollution, the capillary con-
densation of pollutants in contact asperities should
induce a transition from a rough to a single
asperity contact, and therefore to an F?* depen-
dence of friction [12].

Besides the importance of the thickness and of
the dynamic stability of the pollution layer, we
would like to define the role of two other parame-
ters, the tip/surface interface composition and the
scan speed, able to modify the value of p for a
given system.
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Fig. 7. AFM surface profile in the depressed area of the 2H-NbSe, single crystal after the friction test. The vertical distance between

the two cursors is 8.1 A.

We have realized friction experiments with
MoOs; in argon, Fig. 9. Despite the expectation of
a lower stage of pollution in argon, we observe a
larger tip/surface adhesive interaction in our force
measurements, which is generally due to a pollu-
tant meniscus around the tip.

The linear dependence F; vs. F, is preserved,
indicating.that the thickness of the adsorbed layer
cannot be responsible for the strengthening of the
adhesive interaction.

Furthermore, we obtain a friction coefficient
value of 0.014, close to the u value in air with
respect to the uncertainty of measurements (see k
value in Section 3).

Therefore, despite the expectation of a lower
adhesion of F, due to a lower degree of pollution,

at first glance there is no significant difference
between studies performed in air and in argon.

Nevertheless, if the measurements are realized
in a proof cell filled alternately with air and argon,
large and reversible increases of the friction signal
intensity are observed with argon (Fig. 10) due to
modification of the composition of the tip/surface
interface. Hence, it appears that, although there is
no significant difference between studies performed
in air and in argon, the modifications of the
interface composition during experiments have a
profound effect on friction measurements on this
scale.

In another series of experiments carried out on
MoO,, varying the scan speed is shown to induce
variations of the friction signal for a constant
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Fig. 8. (a) F; vs. F, during friction test on an «-MoOj single crystal. A mean value of u=0.022 is extracted. (b) AFM picture recorded

after the friction test, showing no significant alteration of the surface.
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Fig. 9. F; vs. F, during friction test on an «-MoQOj single crystal
in an argon atmosphere. A mean value of u=0.014 is extracted.

value of F, (Fig.11), in discrepancy with
Amontons’ law (friction does not depend on sliding
speed [10]), without variation of the topographic
information (consistent pictures and constant
RMS). Such a result could be explained by a
modification of the tip/surface interface, and
especially of the meniscus around the tip, related
to the scan speed. Furthermore, before acquisition
it is necessary to let the microscope scan for 5 min
at least. During this period we can note a constant
decrease of the friction signal, certainly due to a
balancing of the sliding system.
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Fig. 10. Evolution of the friction signal for a constant value of
F, correlated to atmosphere changes during a test on an
a-MoOj single crystal. The microscope is set in a proof cell
filled alternately with argon and air.

6. Conclusion

Friction measurements on the nanometer scale
have been performed with AFM. Some problems
of an-instrumental nature, such as cantilever and
detector calibration, may occur and hinder us from
obtaining reliable results. Also, depending on the
nature of the investigated sample (roughness in
particular), the surrounding atmosphere and the
scanning parameters (scan speed for instance), the
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Fig. 11. Evolution of the friction signal for a constant value of
F, correlated to variation of scan speed during a test on an
a-MoOj single crystal.

experimental results may or may not be meaning-
ful. Therefore, well-defined experimental protocol
and choice of parameters (e.g. atmosphere com-
position and scan speed) is absolutely necessary
to overcome these unreliability difficulties. Under
such conditions, there appears to be an accord
between nanoscopic experimental results and mac-
roscopic friction results predicted by models
(Amontons’ law for instance). As a matter of fact,
some parameters of our experiments could be
compared to those of macroscopic sliding. For
instance, scan speed (a few micrometers
per second) and strain due to the tip (about
200 MPa calculated using the Hertz model) are
close to parameters of fretting on the macroscopic
scale. The interest of friction measurements with
AFM is to focus on phenomena such as local
wear, which are not accessible with macroscopic
apparatus.

In the prototype surfaces investigated here,
depending upon the layered system: 2H-MoS,,
2H-NbSe,, a-Mo00Os, different behaviours such as
plastic deformation, local wear or unalteration
have been observed. Many phenomena related to
friction measurements on this scale are not yet
well understood. Nevertheless, upon offering an
unrivalled way to discriminate rapidly between

surfaces handled under real conditions and, in the
absence of wear, to qualify them in terms of
nanoscopic friction coefficients, AFM appears to
be a promising tool for nanotribology in both
laboratory and industrial environments.
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