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deposition has been used to produce hydrogen-free DLC thin films on commercial silicon AFM tips and silicon
wafers. The structure and surface morphology of the deposited DLC films has been investigated by X-ray photo-
electron spectroscopy and tapping AFM, investigations that showed very smooth DLC films with about 29% of sp®
C — Cbonds. The as-deposited hydrogen-free DLC thin films were hydrophilic (water contact angle about 65°)
due to incorporation of a small amount of oxygen (about 9% of C = O bonds) at the film surfaces. The friction
force measurements show that at low normal loading force the contact friction is much lower in the humid air
than in the argon, while at large values of the loading force the contact friction does not depend on the measure-
ment medium. A qualitative friction model based on the concept of dry and wet friction regimes, when the layer
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of water adsorbed on DLC film surfaces plays the role of lubricator, is proposed to explain these findings.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Diamond-like carbon (DLC) coatings provide very hard, frictionally-
low, chemically inert and fully biocompatible surfaces, which make
them very attractive for applications in biomedicine [1] and micro
electro mechanical system technology [2]. These coatings are amor-
phous and not as hard, dense, and optically transparent as the crystal-
line diamond. Their structure is a mixture between the near-planar
trigonal structure of graphite, which is formed by sp? C — C bonds,
and tetragonal structure of diamond formed by the sp> variety of carbon
interatomic bonds [3]. The particular properties of a DLC coating are
given by the ratio between sp® and sp? bond densities. A high density
of sp? bonds assures surface hardness, but increase the brittleness and
friction of coatings. On the other way, a low density of sp> bonds
decreases the hardness and friction [4].

The frictional property of macroscopic contacts between DLC coat-
ings has been studied by ball-on-flat tribometers [5,6], but little is
known about frictional behavior of single-asperity contacts between
DLC surfaces. Dunkle et al. [7] have studied the frictional behavior of a
single-asperity contact between a diamond atomic force microscopy
(AFM) tip and a commercially available DLC substrate in vacuum at
different values of temperature. They have found a friction force
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proportional with the normal loading force, which is not the common
dependence for single-asperity contact friction, and a slight increase of
friction coefficient with the temperature. While these measurements
were performed in vacuum, they give no information on the effect of
moisture on the single-asperity contact friction. At macroscopic scale,
it is widely recognized that the presence of water vapor in air dimin-
ishes the friction forces between many engineered surfaces including
the DLC coatings [8]. The friction force in humid air at a single-asperity
contact between a silicon nitride AFM tip and H:DLC coatings produced
by chemical vapor deposition in methane and hydrogen plasma has
been studied by Xie et al. [9]. Unfortunately, this study has not consid-
ered friction in dried atmosphere for a comparison.

The present work investigates the friction force at a single-asperity
contact between hydrogen-free DLC coated surfaces. To this goal, silicon
atomic force microscopy (AFM) probes and silicon wafers were covered
by DLC films by high power impulse magnetron sputtering (HiPIMS)
deposition in pure argon. Thus, the deposited DLC films were
hydrogen-free. The hydrogen-free DLC covered AFM tips and flat sam-
ples were used in friction experiments in humid air and dry atmosphere
(argon). Thus, the effect of water vapor on friction force at a single-
asperity contact between hydrogen-free DLC surfaces has been evaluat-
ed. In the humid air, the friction force has a complicated nonlinear
dependence on the normal loading force with an important decrease
at low values of the loading force. This decrease of friction force is attrib-
uted to lubrication role of the layer of water adsorbed on the hydrogen-
free DLC film surfaces. At high values of the normal loading force the
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friction force was the same in dry and wet media. This is explained by
exclusion of water molecules from the contact region, which deter-
mined solid-solid dry friction.

2. Materials and methods

Hydrogen-free DLC thin films were deposited on commercial silicon
cantilevers (CSG 37 and NSG 35 from Mikromasch) and silicon wafers in
an HiPIMS deposition chamber by sputtering pure graphite target (5 cm
in diameter) in pure argon gas at a pressure of 0.7 Pa and constant flow
of 16 sccm. Details on our HiPIMS experimental set up have been pub-
lished elsewhere [10]. The HiPIMS discharge used voltage pulses 10 ps
in width and 900 V in amplitude with a repetition frequency of
1500 Hz. In these conditions, the average discharge power was around
60 W, and the average discharge current intensity was 112 mA. The
deposition substrates (silicon AFM probes and wafers) were placed at
a distance of 10 cm from the graphite target. Sputtering of the carbon
atoms out from the target resulted in deposition of DLC films with a
growth rate of about 2.4 nm/min.

The thickness of the DLC film deposited on silicon wafers has been
measured by stylus surface profilometer (Alfa Step IQ from KLA-
Tencor Co.). The deposition of the DLC films on the high-aspect ratio
AFM tips has been confirmed by measurements of the AFM tip radius
before and after deposition. This was done by contact AFM scanning
of the very sharp edges of a standard silicon grating (TGG1 from
NT-MDT) with the AFM tip without (before deposition) and with a
DLC coating. The topography images of the sharp edges (nominal
curvature radius of 5 nm) were analyzed to extract the tip radius by
deconvolution [11].

Since friction force measurements depends strongly on surface
properties and the measurement medium [12], we have performed a
thorough investigation of surface properties of the deposited DLC thin
films. Thus, the film hydrophilicity was characterized by measurements
of water contact angle values for small sessile droplets of deionized
water on the DLC films deposited on silicon wafers. Then, the chemical
structure of DLC thin film surface has been investigated by X-ray photo-
electron spectroscopy (XPS) with PHI 5000 VersaProbe XPS system
from ULVAC-PHI, Inc. The XPS spectra have been acquired by irradiating
the DLC thin film surface by monochromatic Al K, X-rays (hv =
1486.7 eV) with the spot size of 100 um?. The binding energy values
have been calibrated by taking the carbon C 1 s peak (284.6 eV) as ref-
erence. Curve fitting of core level C 1 s XPS spectrum with C — C sp?,
C — Csp? and C = O binding peaks was carried by a peak fitting soft-
ware (Multi Pak 8.2 C) using the Gaussian-Lorentian function. The crys-
tallinity of the DLC films has been investigated by X-ray diffraction
(LabX XRD-6000 from Shimadzu Co.) using Cu K, X-ray source in con-
figuration 6 - 26. Finally, the film surface roughness has been deter-
mined on the basis of topography images recorded by tapping AFM on
a scanned area of 1 pm x 1 pm.

Friction force measurements were performed by lateral force mi-
croscopy using DLC covered AFM tips and DLC covered silicon wafers.
The friction curves, i.e. variation of lateral force during forward and
backward movements of the AFM tip on the probe surface, were record-
ed for various loading force values at constant movement speed of
1 pm/s. The measurements were carried out in humid air (the relative
humidity has been measured by a precision hygrometer HM 34 from
Vaisala, Finland) and in argon flow (null relative humidity). The lateral
force signal has been calibrated by analyzing the curves of the lateral
force versus on the normal loading force acquired on the tilted surfaces
of a standard silicon grating sample (TGG 1 from NT-MDT) [13]. The
average friction force has been computed as the ratio between the
area of the friction loop curve and the total forward and backward mov-
ing distance [14]. The standard deviation value of the friction force has
been computed based on lateral force variations during the forward
and backward movements of the AFM tip. An example of the friction
loop is provided in supporting material available. The measurements

were made by steadily decreasing the normal loading force towards
negative values until the AFM tip detached from the sample surface.
The AFM tip-sample adhesive force in humid air and argon has been
measured by acquisition of force curves (variation of tip-sample interac-
tion force during vertical advance and retract movements of the AFM
tip) taken on a matrix of 10 x 10 points on a square of 1 pm x 1 pm
on the flat DLC surface.

3. Results and discussion

Fig. 1a) shows the profiles of an AFM tip before and after DLC thin
film deposition, as they resulted by deconvolution of sharp edge images
of the standard grating sample [11]. This result is confirmed by the scan-
ning electron microscopy images of the AFM tip before and after DLC de-
position, which are shown in Fig. 1b). As expected, the tip curvature
increased with about 20 nm, a thickness roughly equal to the thickness
of the DLC film deposited on flat surface of silicon wafers. This proved
that the deposition was isotropic and conformal, fact that is explained
by the frequent collisions between sputtered atoms and argon atoms
in the deposition chamber (the mean free path of carbon atoms was
estimated to 1.5 cm, which is smaller than the target-substrate distance
of 10 cm). A topography image of 1 pm x 1 pm area of the DLC thin film
deposited on silicon wafer is shown in Fig. 2. The image shows a smooth
DLC surface with the root mean square roughness of 0.27 nm. The X-ray
diffraction pattern of the deposited DLC thin films indicated a complete-
ly amorphous structure. The chemical structure of the film surface has
been characterized by XPS. Fig. 3 shows the core level C 1 s XPS signal
and its deconvolution into C — C sp? C — C sp> and C = O Gaussian-
Lorentian peaks. The sp? (at 284.4 eV) and sp> (at 285,3 eV) peaks
were fitted considering their energy separation gap to be 0.9 eV [15,
16]. Deconvolution of the core level C 1 s XPS pick determines densities
of 29.2% for sp> bonds, 61.3% for sp? bonds, and 9.45% for C = O bonds
[17]. Incorporation of oxygen into the film surface is due to oxidation
of surface carbon atoms after the film was taken out from the discharge
chamber and entered in contact with atmospheric air. This surface oxi-
dation effect is favored by the fact that our DLC thin films were
hydrogen-free and, thus, likely with a large number of surface dangling
bonds. Presence of polar C = O bonds on the DLC thin film surface is in
agreement [ 18] with the results of water contact angle measurements,
which revealed values around 65°. The hydrophilicity of these
hydrogen-free DLC thin films has a strong effect on adhesion and fric-
tion forces. Indeed, the AFM measurements of friction and adhesion
forces between DLC covered AFM tip and DLC covered silicon sample
showed a strong dependence of these forces on humidity. Fig. 4 shows
the plots of friction force dependence on the normal loading force in
humid ambient air (relative humidity, RH, of 48%) and in argon
(RH = 0%). The plots show that, at large values of the normal loading
force, there is no dependence of friction force on the measurement me-
dium. However, at small values of the normal loading force, the friction
force in humid air was much smaller than the friction force in argon
atmosphere. Moreover, in this region the friction force cannot be fitted
by any theoretical model of single-asperity contact friction. Single-
asperity contact friction models are based on the assumption that in ab-
sence of ploughing the friction force is proportional to the contact area
[19], F= 7 A, where 7 is the contact share stress and it is regarded as
a constant that depends on surface properties and medium. Then, the
friction force dependence on the normal loading force is related on
the dependence of A on normal loading force. This dependence is
described by theoretical models of adhesive contacts between elastic
bodies as the Johnson-Kendall-Roberts (JKR) [20], Derjaguin-Muller-
Toporov (DMT) [21], or Maugis-Dungale (MD) [22] models. The Fig. 4
shows also a fit of the experimental friction force data measured in
humid air to the DMT model. The fit has been performed only for
large values of the normal loading force (values larger than the absolute
value of the pull-off force), where the experimental data fit well the the-
oretical model. For low values of the loading force, the experiment
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