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Speed and Atmosphere Influences on Nanotribological Properties

of NbSe,

P. Bilas - L. Romana - F. Bade - K. Delbe -
J. L. Mansot

Abstract Nanotribological properties of NbSe, are stud-
ied using an atomic friction force microscope. The friction
force is measured as a function of normal load and scan
speeds ranging from 10 nm s~' to 40 pm s~ ' under two
atmospheres (air and argon). At low speed, no effect of
atmosphere is noticed and a linear relationship between the
friction and normal forces is observed leading to a friction
coefficient close to 0.02 for both atmospheres. At high
speed, the tip/surface contact obeys the JKR theory and the
tribological properties are atmosphere dependent: the shear
stress measured in air environment is three times lower
than the one measured under argon atmosphere. A special
attention is paid to interpret these results through numerical
data obtained from a simple athermal model based on
Tomlinson approach.
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1 Introduction

The recent development of techniques such as scanning
probe microscopies (AFM, FFM) for the measurements of
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the friction force at the nanometer scale opens promising
approaches for a better understanding of the fundamental
processes in tribology. Generally, the tip/surface contact is
considered as a point contact and represents the simplest
experimental model to describe two contacting surfaces.
However, the small values of the parameters involved, such
as the contact area size and the force intensity, lead to a
lack of control of the tribological interface making the
interpretation and comparison of data difficult.

Since the first experiments of Mate et al. in 1987 [1]
many works have been performed to study the dependence
of the nanotribological properties on the load [2-5], scan
velocity [6—-19], and atmosphere [20-22]. In the last dec-
ade, great debates are engaged on the velocity dependence
of friction mainly because of contradictory results reported
in literature. Velocity independence of the friction force
with speed has been reported by Zworner et al. [8] who
measured the Fg(V) curves on several carbon compound
substrates. Same observations were reported by Schirmei-
sen et al. [13] for tests performed on untreated silicon
wafers at temperature above 155 K. For lower temperature,
they observed a logarithmic increase of friction. The log-
arithmic law has been reported for nanotribological tests
performed at room temperature on ionic substrates such as
NaCl, KBr, mica [10, 11, 17], or metallic Cu [11]. This
behavior is attributed to thermally activated jumps of the
contact atoms through the atomic interaction potential
barrier. A power-law increase of friction force with scan
speed has also been reported [12], and is related to friction
controlled by athermal atomic jumps. Recently, Tambe and
Bhushan [18] extended the velocity range investigated up
to 10 mm s~'. They observed several behaviors of the
friction force depending on the speed range and attribute
these different regimes to different energy dissipation
processes with regard to the speed.



In this work, influences of scan speed and atmosphere on
nanotribological properties of NbSe, are presented. The
tribological behaviors are first characterized by the friction
forces versus applied load curves for low and high speeds.
Since influence of atmosphere on the friction force is found
to be speed dependent, systematic studies of the friction
force with speed (for a given load) have been investigated.
For both atmospheres, the velocity dependence of the
friction force can be predicted by a numerical athermal
model based on Tomlinson approach [23]. We use this
model to interpret the speed and atmosphere dependence in
terms of tip displacement on the surface sample.

2 Experimental Set-Up

The nanotribological properties of NbSe, are investigated
by means of an atomic friction force microscope (AFFM)
from Molecular Imaging Corp. (PICOSPM) coupled with
an APEX environmental chamber. The cantilever is
mounted on a piezoelectric tube and the tip can scan the
fixed surface sample to a maximum area of 6 pm x 6 pum.
All the tests are performed in the so-called “constant force
mode.”

The geometric parameters of the rectangular silicon
cantilevers purchased from MikroMasch are characterized
by electron scanning microscopy prior and after each
experiment. The cantilever normal stiffness, ky, is calcu-
lated from the thermal noise amplitude method developed
by Sader et al. [24]. Normal stiffnesses ranging from 1 to
5N m~! are measured allowing us to apply normal loads
up to 120 nN.

Calibrations of the normal and lateral forces are per-
formed using the method developed in [25, 26]. The
friction force is deduced from the conventional friction
loop and is defined as Fr = FLtorth + FLback/2 Where Forn
and Fp ek, respectively, are the lateral forces recorded for
the forth and back directions of the scan.

The variation of the friction force as a function of the
applied load is investigated for scan velocities ranging
from 10 nm s™' to 40 pm s~'. Such speeds are obtained
with scan size areas varying between 4 nm x 4 nm and
6 pm x 6 pm.

The fast scan direction is perpendicular to the cantilever
axis and carefully aligned along the [100] axis of the NbSe,
crystal for scan sizes lower than 20 nm (atomic resolution).

For all experiments, no wear was detected.

Effect of environment on the tribological properties of
NbSe, is investigated through experiments performed
under air and argon atmospheres. In the last case, the gas
flow is kept lower than 0.2 dm® s™' to avoid flow-induced
vibrations.

The monocrystalline substrates of NbSe, are offered by
the Nanofabrication Research laboratory from Bell Labs.
To perform the AFFM tests on clean substrate, the NbSe,
surface is cleaved with an adhesive tape just before the
experiments.

3 Results and Discussions

3.1 Presentation and Validation of the Numerical
Model

To interpret our experimental tribological data, we chose
an approach based on Tomlinson model and classically
used to describe the motion equations of the tip during stick
slip regime. The tip/surface contact is described as a point
contact of mass m, coupled elastically with the support by a
spring of elastic constant k, and interacting with the surface
via a periodic potential Vi(x,y) = Vi cos((2n/ay)x)
cos((2m/ay)y) where a, and a, represent the atomic dis-
tances in the surface along the x and y directions. While the
support is moving at a constant velocity V the tip moves at
a velocity x; and y, along the x and y directions. No thermal
fluctuation [10, 11, 14, 15] or multiple points contact [27,
28] are introduced in the model. With such assumptions,
the motion equations of the tip are given by:

Vi
ij.[ = kx(Vt — .xt) — 67_: — '))xxta
. Vi .
myyt = kV(Vt — yt) — 67; — '))yyt.

To solve these nonlinear equations, the backward
differentiation formula (BDF) method, proposed by
Holsher et al. [29], is used. The suitable parameters m, 7,
k, V, a, and V; are deduced from literature and from our
experimental data. The effective stiffness &k (which
represents the resulting spring constant of all the
compliant elements of the tip/surface system [30]) is
deduced from the variation of the friction force with the
piezo displacement (see the friction loop in Fig. 1). Its
value corresponds to the slope of the curve measured
during the sticking phase. The potential corrugation V is
deduced from the friction force value since V=
axFrmax /27 [2] where Frpax is the maximum value of
the friction force deduced from the friction force loop
(Fig. 1). In this work, the potential corrugation varies from
1 to 3 eV. The parameters a, and a, are deduced from the
crystallographic parameters of the NbSe, structure
(a, = 0.34 nm and a, = 0.58 nm). V is the experimental
scan speed (ranging from 10 nm s~' to 40 um s~ '). The
effective mass m (m, = m, = m) and the damping term y
(yx = 7)) are difficult to evaluate. Assuming that our tip/



Fig. 1 a Lateral force image
recorded at the atomic scale on
NbSe, surface as the silicon tip
moves from right to left. The
inset image corresponds to the
numerical lateral force image
calculated with m = 10713 kg,
k=10Nm™,

y=10""kgs ",

V =30 nm s_l, and

Vo = 2 eV; b Electronic charge ; = I I -
dgnsity map of NbSe, S84 40404844
t 3 O O O ¥ F O W W

calculated from FLAPW-
ab initio method (Wien 2k é
code), the dashed line indicates 1 {
the displacement of the tip
during 1D stick—slip motion.
The pattern periodicities are the
same as those reported in a; ¢
Experimental and d simulated
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surface system can be approximated by a harmonic  middle of the green (blue) circles. A good correlation
oscillator, the torsional resonance frequency is related to  between the periodicity of the three images is observed.
the mass and the torsional stiffness (kt) by the following  The friction force loops recorded on the experimental and

expression: simulated friction force images are reported in Fig. 1c and
1 d, respectively. The lateral force profiles are performed on

frR= o \/—T the row of maximum contrast (indicated by the arrow in
n\Vm

Fig. 1a) where the tip is subjected to a 1D stick—slip
Using the values of torsional resonance frequencies  motion (see dashed-pointed line in Fig. 1b). The good
reported in literature (100-500 kHz) [27, 31], we calcu-  qualitative and quantitative agreements obtained between
lated an effective mass ranging from 107'%t0 107" kg. In  the experimental and simulated data confirm the relevance
our calculation no significant modification of the friction  of the Tomlinson model to describe the surface/tip inter-
force is measured by changing the mass by four order of  action during stick—slip in our experimental conditions. It is
magnitude (107" < m < 107" kg). All the calculations important to note that the relevant parameters used for the
presented in this work were performed with an effective  simulations are extracted from our quantitative experi-
mass of 107'% kg. The value of the damping term is esti-  mental data.
mated by comparing the experimental and theoretical
friction force values (see Sect. 3.3).

Experimental and simulated lateral force images are
shown in Fig. 1a. The spatial variations of the lateral force
intensity are characteristic of a 2D stick-slip motion of the
tip on the surface sample. For comparison, an electronic
charge density map of NbSe, calculated from FLAPW
ab initio method (Wien 2k code [32]) is shown in Fig. 1b. =~ — Atomic friction tests for which the scan size is kept at

The maximum (minimum) charge density is located at the 5nm x 5 nm with a constant scan speed of 30 nm s~ .

3.2 Load Dependence

The friction force as a function of the normal load (Fy) is
measured to determine the tribological properties of NbSe,.
For these tests, two experimental set-ups are used:
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Fig. 2 Experimental lateral force images recorded for a scan speed of 30 nm s~ under air atmosphere for applied loads of a 20 nN, b 60 nN,
and ¢ 140 nN. The lateral force profile recorded on the row of maximum contrast is reported in the lower part of the picture

— Meso scale friction test performed on 5 pm x 5 pm

image size with a scan speed of 15 pm s .

For indication, the lateral force images recorded at the
atomic scale for normal loads of 28, 60, and 140 nN are
shown in Fig. 2. The lateral force profile measured on the
row of maximum contrast (indicated by the white line in
Fig. 2a) and reported on the lower part of the picture evi-
dences the stick—slip motion of the tip at such speed for the
whole applied load investigated.

The friction forces as a function of the total normal load
Fy (applied load plus pull-off force) measured at the atomic
and meso scales are reported in Figs. 3 and 4 respectively,
for both atmospheres. Note that due to the piezo curvature
during the scan, the applied load varies continuously (in a
controlled manner) during a 5 um x 5 um scan size
allowing us to record on one image 256 Fr(Fy) data points
(256 x 256 pixels per image). More details are available in
[25, 26]. For the atomic friction experiments, due to the
small size of the scan (5 nm x 5 nm), the applied load is
constant on the whole image. This explains the lower
number of points reported on the Fr(Fy) curves measured at
the atomic scale.

At the atomic scale (Fig. 3), the friction force linearly
increases with total load regardless of atmosphere. No
significant effect of atmosphere is observed. The linear
relationship between the friction and normal forces, allows
us to characterize the sliding interface by a dynamic fric-
tion coefficient u defined as AFL/AFn.The friction
coefficient measured from 20 tests performed in air and 5
performed under argon are similar for both atmospheres:
the average friction coefficient is equal to 0.016 £ 0.003
under air and 0.010 & 0.006 under argon.

Friction force (nIN)

o ] 1 I T T 1
0 20 40 60 80 100 120

Total normal load (nN)

Fig. 3 Friction forces measured as a function of total normal load for
atomic scale experiments performed under air (filled square) and
argon (open square) atmospheres. The scan size is kept at
5nm x 5 nm and the scan speed is 30 nm s~'. The mean square
linear fits are represented by the lines for air and argon atmospheres
and lead to similar friction coefficient

The Fgr(Fn) curves measured at meso scale (Fig. 4)
indicate a nonlinear relationship between the friction force
and total normal load. For such behavior, the friction is
generally expressed as Fr = tA, where 7 is the shear stress
of the sliding interface and A is the real contact area.
Contact mechanic theories are required to deduce 7 and A
from the Fr(Fy) curve and the knowledge of the tip radius
and reduced elastic modulus E* of the encountered sur-
faces are needed. According to literature, the reduced
elastic modulus of NbSe,/Si interface is equal to 40 GPa
[33]. The geometry of the tip is measured by scanning
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Fig. 4 Friction forces measured as a function of total normal load for
meso scale experiments performed under air and argon atmospheres.
The scan size is kept at 5 pm x 5 pm and the scan speed is
15 pm s~!. The Fr(Fy) curves are well fitted by the JKR theory for
both atmospheres as represented by the fitted curves indicated by the
solid lines. The shear stress measured under argon is three times
higher than the one measured under air

electron microscopy before and after the AFFM tests. No
significant evolution of the tip is observed for the data
reported in Fig. 4 and the tip radius measured is close to
60 nm.

For both atmospheres investigated, the NbSe,/Si con-
tacts obey the JKR theory. The fitted data are represented
by the solid line curves in Fig. 4. From the 20 tribological
tests performed, the average shear stress value 7 deduced
from the fitted curve is of the order of 15 MPa in air and
45 MPa in argon. The differences observed between the
experimental and fitted curves for small applied load
(Fn < 10 nN) have already been reported and attributed
either to a contaminant layer at the surface [34] or to the
mechanical properties of the extreme surface [35].

3.3 Speed Influence

According to the data reported in Figs. 3 and 4, influence
of atmosphere is only significant at high-speed regime. To
investigate such behavior, systematic studies of the friction
force as a function of speed for both atmospheres are
performed. Figure 5 shows the evolution of the friction
force as a function of the scan speed (on a logarithmic
scale) for both atmospheres at a constant normal load. Both
curves are recorded with the same tip. The errors bars
reported on Fig 5 correspond to the forces variations
measured on different images recorded for the same load
and scan speed.

Regardless of the atmosphere, two different speed
regimes are observed:

e T}{
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piezo speed (nms’)

Fig. 5 Friction forces measured as a function of piezo speed for air
(circles) and argon (squares) atmospheres. The tests are performed
for total applied load of 50 and 70 nN for air and argon atmospheres,
respectively

— The low-speed regime where the friction force does not
change significantly with speed regardless of the
environment.

— The high-speed regime where the friction force
increases with speed. This increase is atmosphere
dependent.

At low speed (lower than few pum sfl), the friction
forces measured under air and argon atmospheres are
similar which indicates that the tip experiences the same
interaction potential. The slight higher values of the fric-
tion forces measured under argon are attributed to the
higher total normal load applied to record this curve (Fy is
equal to 50 nN under air and 70 nN under argon). On the
contrary, at high speed, the friction force measured and its
variation with speed are significantly higher under argon
than under air which seems to indicate different sliding
surfaces.

To investigate the role played by the atmosphere,
numerical simulations are performed. It is obvious that
thermal-activated processes do not play an important role
in our experiments, since most of the theoretical thermal
models predict either a logarithmic or [Ln(V)|*? friction
dependency with speed [14-16, 19]: the curves presented
in Fig. 5 do not obey such laws. The best agreement
between simulated and experimental Fg(V) curves is
obtained for numerical data extract from the athermal
model described in Sect. 3.2. The two simulated parameters
of interest in this work are the friction force and the tip
displacement on the surface sample (characterized by the
tip velocity). The curves simulated with the experimental
parameters V, (2 eV) and k (8§ N m_l) are represented in
Figs. 6 and 7.
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Fig. 6 Simulated friction force as a function of the scan speed for
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and Vp = 2 eV. The dashed lines represent the corresponding viscous
friction force (F = yV). The square zone indicates the speed range
experimentally investigated
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Fig. 7 Simulated tip velocity as a function piezo position for
different scan speeds. The parameters used for the simulation are
m=10""kg, y=10"*kgs™", k=10Nm™', and Vo =2eV.
The sudden jump of the tip speed is attributed to the slip phase. Note
that tip is moving during the so-called “stick phase” since its speed is
always higher than zero

Figure 6 represents the simulated friction forces versus
piezo speed for damping term values ranging from 107 to
5 x 107* kg s™'. The dashed lines correspond to the vis-
cous force (Fg = yV) for each damping term and the
dashed square zone indicates the speed range experimen-
tally investigated. At low speed, the friction force is the
same for different damping coefficient whereas at high
speed the friction force and the slope of the Fr(V) curves
increase with the damping term value. At high piezo
velocity, the friction force is close to the viscous force due
to a continuous motion of the tip. The simulated Fg(V)

curves show the same trend as the experimental ones
(Fig. 5), confirming the relevance of the athermal Toml-
inson model to describe our results. A simple comparison
between the experimental and simulated data indicates that
the damping term is higher under argon (y & 10~* kg s~ ")
than under air (y ~ 107> kg s™') atmospheres. These
values are compatible with the one recently proposed by
Yabing et al. [36] for experiments performed on doped
silicon.

The tip speed (expressed in a logarithmic scale) as a
function of the piezo displacement is shown in Fig. 7 for
several piezo speeds and for a damping term of
10~* kg s~'. The slip phase of the tip motion is charac-
terized by the sudden jumps observed whereas the stick
phase corresponds to the smooth variations of the tip
velocity. Note that, during the stick phase, the velocity is
not equal to zero indicating that the tip is not at rest during
the so-called stick phase. In this phase, the tip slides more
rapidly as the piezo velocity increases (higher tip speed
values).

Due to the hydrophilic property of NbSe, [26], it is
reasonable to assume that the water layer adsorbed on the
surface is thicker under air atmosphere (55% relative
humidity) than under argon. One would expect in such case
to measure lower friction force under air due to potential
screening effects. This is observed experimentally for scan
speeds higher than few pm s™' but not for lower speeds
where friction appears to be atmosphere independent. We
believe that the different effect of atmosphere on friction
for the low- and high-speed regimes is related to the tip
displacement:

— For the lower scan speed, due to the low tip velocity
during the stick phase (Fig. 7), the duration of inter-
action between the two sliding surfaces is high enough
to allow molecules desorption (probably through
mechanical actions). In such case, the sliding surfaces
experience the same interaction potential leading to
similar friction forces regardless of the atmospheres.

— As the piezo speed increases (higher tip speed in the
stick phase, see Fig. 7), the tip does not have time to
push away the adsorbed molecules and influence of
atmosphere becomes important.

For the critical speed (or critical range speed) at which
the adsorbed molecules remain on the surface, one should
expect to observe a decrease of the friction force (due to
screening effect) and then an increase of the friction force
as the speed increases (due to viscous effect). Such
behavior has been observed for 40% of the experiments. A
typical friction Fg(V) curve showing this trend and recor-
ded under air, for total applied load of 50 nN, is reported in
Fig. 8. The decrease of the friction force for scan velocity
close to 1 um s~ ' evidences the screening effect due to the
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Fig. 8 Friction forces measured under air as a function of piezo
speed for applied load. This curve is obtained under the same
condition as the one reported in Fig. 5 but shows a different behavior.
The decrease of the friction force value around 1 pm s~ is attributed
to the interaction potential screening due to the adsorbed molecules.
Such a trend is observed for 40% of the experiments

stable adsorbed molecules. Viscous effect appears domi-
nant at speed higher than 5 pm s~ '. For the Fx(V) curves
reported in Fig. 5, viscous effect is always the prevailing
effect. The reason why one of these two antagonist effects
becomes relevant during high-speed experiment is not
understood yet. Ultrahigh vacuum tests are in progress to
study separately the two effects.

A change in the friction force could also be induced by a
tip structure modification. Since in our experiments the
decrease of Fr (when observed) always occurs for scan
speed close to 1 um s~ ', such hypothesis can be ruled out.

Note that the difference observed for the damping term
values deduced from air and argon experiments is probably
due to the presence of the thicker adsorbed layer at the
NbSe, surface under air atmosphere. The presence of this
adsorbed layer should induce a change in the dissipation
mechanisms at the substrate surface. Reimann and Ev-
stigneev [19] have pointed out the importance of the
relative dissipative terms induced by the substrate or the
cantilever on friction behavior at atomic scale.

4 Conclusion

Effects of scan speed (10 nm s™' <V <40 pm s™') and
atmosphere (air or argon) on the nanotribological proper-
ties of NbSe, have been investigated by means of atomic
force friction microscopy. The dependence of the friction
force with scan speed is satisfactorily described by an
athermal mechanical approach based on the Tomlinson
model. Influence of atmosphere on the nanotribological

properties is only noticeable at high speed (higher than few
pm s~ ). Comparison between the numerical and simulated
data leads to the following interpretations:

— At low speed, the tip trapped into the minimum
interaction potential has enough time to interact with
the adsorbed molecules and push them away from the
contact leading to the same sliding interfaces and same
tribological properties

— At high speed, the interaction time of the contacting
atoms is too short to induce molecules desorption (the
sliding velocity of the tip in the “stick phase” is too
high): the adsorbed molecule layers is thicker under air
than under argon, leading to a lower interaction
potential and probably a lower damping term.

This study demonstrates that the atmosphere environ-
ment is not the only parameter which determines the true
environment inside the contact area. Recently, Xu et al.
[37] reached the same conclusion, but in their study the
interfacial conditions were controlled by the shear strength
inside the contact. In this study, environment inside the
contact is found to be tip speed related.
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