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Abstract

Chromium thin films were sputter deposited implementing the GLancing Angle Deposition (GLAD) method,
which is a thin film deposition technique where the incident vapor flux - composed of atoms and molecules
from gas phase - strikes onto the substrate at tilted angles . Oriented chromium columns were produced
with various column angles 8 (from 0 to 60°) closely linked to the sputtering pressure and incidence angle a.
Three sputtering pressures of 0.11, 0.40 and 0.53 Pa were used. Incidence angle « of the sputtered particles
was systematically changed from 0 to 80°. Tribological properties were investigated as a function of these
operating parameters. Results reveal that the tribological behaviour is strongly correlated with the structure
and especially the growth mechanism of the films, which are both linked with the operating sputtering
parameters. Thus, at the lowest sputtering pressure (0.11 Pa), gradual variations of the tribological properties
and wettability are observed as a function of the incidence angle a,, which are interresting for tailoring surfaces
displaying a gradient of wettability. In contrast, at higher sputtering pressures (>0.2 Pa), local variations of
static friction coefficient, wettability and lateral contact stiffness are systematically observed as a function
of the column angle 8 - and then the incidence angle « . Basically, these results enable to tailor tribological
properties by tuning the incidence angle « in order to control the transition from sticking to sliding in
micro-gripping.

Keywords: MEMS, friction control, nanosculptured thin coatings, micro-gripping,

1. Introduction

In microassembly, two approaches are currently considered [1]: (i) the self-assembly paradigm [2, 3, 4]
in which surface effects are used to organize and assemble structures mainly up to a few micrometers,
and (ii) the microrobotic assembly [1, 5], based on the miniaturization of the actuation, high resolution
micromanipulators and gripping devices (Fig. 1a), more dedicated to mesoscopic sized components (between
a few micrometers and a few millimeters). This one is well suitable for assembling MEMS components
where the main challenging issues concern the handling of small components (mainly down to about 10
pm). Current research in this field includes: (i) the development of new strategies to pick up, to handle,
and to release micro-components as for instance microassembly in dry and liquid medium [6]; and (ii) the
development of new types of surfaces [7, 8, 9, 10, 11, 12, 13|, which would enable to control separately the
various components of friction occurred in dry medium microassembly. In this framework, whereas adhesive
components [14, 15, 16, 17] and capillary effects [1, 11, 13, 18] (see Fig. 1b) are generally controlled by
grafting self-assembly molecules on grippers in order to reduce their surface tension [15, 19|, mechanical
components of friction - i.e static and dynamic friction coefficients and especially static to dynanic coefficient
ratio - could be controlled by means of highly porous nanosculptured thin films (Fig. 1c) purposely tailored
to achieve desired tribological properties [9, 13, 20, 21, 22, 23].
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Figure 1: Optical views of micro-grippers used in microassembly [e.g.,42, 43]: (a) the size of the handled object is about 40 pm;
(b) capillary effects in micro-assembly: the handled object remains stuck on the bare microgripper; (c¢) nanosculptured thin film
that is coated on the gripper’s fingers can prevent these capillary effects, and moreover it enables to control the transition from
sticking to sliding by tailoring its microarchitecture

GLancing Angle Deposition (GLAD) method — first reported in 1959 [24] and later by Robbie et al [25]
— is an attractive physical vapour deposition method to fabricate complex 1D, 2D or 3D nanostructured
columnar thin films [26, 27, 28] including nanopillars [23, 27, 28, 29, 30], zigzag nanocolumns [20, 31], and
nanospirals [32]. This method is based on the change of location of the vapour source relative to the columns
during growth. Basically, the source is not moved but rather the substrate, which can be tilted or/and rotated
along its central axis (Fig. 2). Thus, two degrees of freedom can be adjusted: (i) a rotation axis at an angle
«, which allows to vary the incidence angle of the particles flux, and (ii) a rotary axis at an angle ¢ also
called azimuthal angle, which indirectly modifies the position of the particles source. The GLAD technique
takes advantage of the shadowing effect created by a tilted substrate relative to the normal incidence and
a change of the material flux through a rotation of the same substrate during the deposition. As a result,
by favouring the directional growth of the columns and controlling their structure, it is possible to produce
various kinds of nanoarchitecture (Fig. 3) displaying a widening spectrum of physico-chemical properties of
materials including their state of stress [29, 33, 34], density [35], optical [22], electrical [35] and mechanical
behaviours [23, 28, 30, 32]. Besides, topography [22, 27, 36, 37] and wettability of films can also be controlled
by the operating parameters - i.e sputtering pressure, incidence angle a and column angle 5.

So, the aim of this work is to study how these operating parameters can influence the structure, the
density, the mechanical properties and finally the tribological properties of GLAD films under low contact
pressure (150 MPa) and low velocity (0.1 mm/s) as met in classical microassembly grippers [1, 5, 38]. For
this purpose, chromium thin films (thickness about 850 nm and RMS: 8.7+ 3.6 nm) were sputter deposited
implementing the GLAD method on silicon wafers by varying both the sputtering pressure (from 0.11 to
0.53 Pa) and the incidence angle a of the sputtered particles from 0 to 80°. Oriented chromium columns
were produced with various column angles 8 (from 0 to 60°) closely linked to the sputtering pressure and
incidence angle .. Note that the panel of architectures produced by GLAD method is not solely restricted to
metallic compounds, but ceramics [39], and semiconducting [40] or alloyed materials [41] can be grown. Thus,
chromium allows the synthesize of attractive compounds for mechanical performances, especially metalloid
materials such as some chromium nitride phases CrN or CroN. However, in this work, pure chromium
films was preferred to alloyed materials or other complex compounds because the sputtering mechanisms
of particles are largely simplified and easier to simulate in order to understand the possible relationships
between the growth, the structure and the tribological properties of GLAD films.
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Figure 2: Basic principle of the experimental device used for the GLAD technique. The substrate is positioned in front of the
vapour source on a substrate holder, which can be tilted according to an angle a compared to the normal to the substrate.
Moreover, it can be animated by a rotation ¢ along an axis centred on the substrate.

Figure 3: Observation by SEM of the cross section of: a) inclined ; b) zig-zag ; c) helical columnar structure of chromium films
deposited on (100)Si by magnetron sputtering [33]



2. Experimental part

2.1. Deposition of the nanosculptured chromium thin films

Chromium thin films were deposited on (100) silicon substrates by dc magnetron sputtering from chromium
metallic target (purity 99.7 at.%). The metallic target was sputtered with a constant current density
Jor = 200 A-m~2 in argon atmosphere. The substrates were grounded and kept at room temperature.
Argon mass flow rate was set constant in order to reach a sputtering pressure of 0.11, 0.40 or 0.53 Pa (pump-
ing speed was maintained at S = 10 L.s~!). The deposition time was ajusted in order to deposit a constant
thickness close to 900 nm. This latter was checked after deposition by profilometry. The home-made GLAD
substrate holder allowed an orientation change of the incidence angle of the particles flux o from 0 to 90°.

2.2. Thin films characterization

2.2.1. Structure and density

The crystallographic structure was investigated by X-ray diffraction (XRD) using monochromatized CoK,,
radiation with a Bragg-Brentano configuration 6/26. The Debye-Scherrer method was used to calculate the
crystallite grain size. Column angle 8 was measured from scanning electron microscopy (SEM) observations
on the fractured cross-section of the films deposited on silicon substrates. Density of the films was calculated
as a function of the incidence angle « of the sputtered particules and for the three different pressures using
Paik’s relationships [44]. Density £ of oriented thin films produced by GLAD, can be related to the incidence
angle a of the particles flux by: ¢

a=0°

£=1 + ctan () (1)
where £,—o° is the density of the film (kg.m—3) deposited at an incidence angle o = 0° and c is a constant,
which is proportional to the ratio of the shadowing step height to the column thickness. At first, we suppose
that the density of the bulk material & is the same as the density of the film deposited at an incidence angle
a =0 (i.e § = &4=0). Parameter ¢ depends on the nature of the sputtered materials and the deposition
conditions, especially the sputtering pressure. Films’ density vs. incidence angle was computed for the three

involved pressure : 0.11, 0.40 and 0.53 Pa (Fig. 4).

An abrupt drop of the density can be noticed for incidence angles higher than 60° where the shadowing
effect at the atomic scale becomes significant. For grazing incidence angles (o > 80°), a high porous structure
is obtained since the density of the film is few tens % of the bulk. Consequently, to get some knowledge of
the film’s density, evolution as a function of the incidence angle « allows some close correlations between
structural characteristics (e.g. the growth of a porous architecture) and tuneable mechanical [28] or electrical
properties [35].

2.2.2. Topographical analysis

Thin films exhibit self-affine properties in a certain range of scales [36, 37, 45]. Self-affinity is a gener-
alization of self-similarity, which is the basic property of most of the deterministic fractals [46]: a part of
self-affine object is similar to whole object after anisotropic scaling. Thus, many randomly rough surfaces
are assumed to belong to the random objects that exhibit the self-affine properties [47, 48]. Fractal analyses
of the self-affine random surfaces using AFM or profilometer are often used to study and compare these
surfaces, which have the same thickness and roughness [37, 49, 50, 51].

Different methods of fractal analysis are reported in the literature [16, 18, 37, 45, 46, 48, 49, 50, 51, 52,
53, 54]. Each one displays its systematic error but results obtained by any method provide informations
about the degree of complexity or fragmentation of the surfaces [45]. However, the measurement accuracy
can strongly be affected by the chosen method [49]. Thus, in this work, fractal dimension (D) is computed
by using a cube counting method [37, 49] - implemented within the SPM data analysis software Gwyddion
(hitp://quwyddion.net) - which is directly derived from the well-reliable boz-counting approach [48]. The
algorithm is based on the following steps: a cubic lattice with lattice constant [ is superimposed on the
z-expanded surface. Initially [ is set at % (where X is length of edge of the surface), resulting in a lattice of 8
cubes. Then S(I) is the number of all cubes that contain at least one pixel of the image. The lattice constant
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Figure 4: Computed relative density of chromium thin films (in %) wvs. incidence angle of the particles flux according to the
Paik’s model for different sputtering pressures [44]

[ is then reduced stepwise by factor of 2 and the process repeated until [ equals to the distance between two
adjacent pixels. The slope of a plot of log(S(l)) versus log(1/t) gives the fractal dimension Dy directly (Fig.
5a).

Since results of fractal analysis can strongly be influenced by the tip convolution of the AFM analysis
(Digital Instruments Nanoscope III Dimension 3000), this one was checked beforehand [49, 51]. Besides,
fractal’s results were also compared on larger scales by using a phase shifting interferometric profilometer
ATOS MICROMAP 570 (A = 520 nm, spatial and vertical resolutions are 0.5 pm and 0.02 nm, respectively)
in order to compute the systematic error: around 3%. (Fig. 5b). Finally average value of Ef was computed
from data compiled from the whole AFM and interferometric pictures.

2.3. Nanotribological setup

In this work, tribological experiments are carried out for modelling the two critical steps of microgripping
(i.e., pick-up and release, respectively) when sliding and/or adhesion occur between the handled object and
the gripper [1, 38 |. So, the experimental device is a ball-on-disc nanotribometer manufactured by CSM
Instruments (Switzerland) [55]. Fig. 6 displays the link between the microgripping (Fig. 6a) and the
tribological test (Fig. 6b): (i) the gripper is modelled by the flat sample, which is coated by the various
GLAD films ; (ii) the handled object is modelled by a Si3N4 ball which is glued on the pin. Besides, the
latter is mounted on a stiff lever (Fig. 6¢), designed as a frictionless force transducer (K,= 265.1 Nm™; K,
= 152.2 Nm'!). During the test, the ball is loaded onto the flat sample with a precisely known force using
closed loop. The friction force is determined by measuring the deflection of the elastic arm (low load range
down to 50 uN). The load and friction resolutions are about 1 uN.

As shown in Fig. 7, the nanotribometer is set within a glove box in order to control both the temperature
(22°C) and the relative humidity (RH 35%) and so, any additional capillary effects that could occur during
the tests. The normal load (10 mN) and the ball’s diameter ( ¢4 mm ) are accurately chosen for limiting the
contact pressure at 150 MPa, which is usually met in microgripping [e.g., 1].

All tests are carried out in linear reciprocating mode both in the direction “parallel” and “perpendicular”
to the orientation of the columns, “with” and “against” the tilt axis of the columns, in order to notice any
effect of the column angle on the friction behaviour. As reported in Fig. 8, two kinds of tests are carried out
depending on the oscillation amplitude of the displacement.
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Figure 5: Examples of the fractal dimension assessments for chromium films deposited with o = 80° and sputtering pressure of
0.11 Pa carried out on (a) an AFM map (1 pm): Dy = 2.21 and (b) an interferometric profilometer map (320 pm):D ;= 2.28

Figure 6: Link between the microgripping geometry (a) and the nanotribological test (b): The gripper is modelled by the flat
sample coated by the GLAD film ; the handled object is modelled by the ball glued on the cantilever (c)

Figure 7: Nanotribometer in the environmental glove box
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Figure 8: Tribological tests : a) in gross slip regime for measuring s and fig on the whole of cycles b) in absence of sliding, the
assessment of the slope of Fpr = f(§) when § < a (with a, the hertz contact radius) gives the average lateral contact stiffness
kL

e (i) When the oscillation amplitude is greatly higher than the contact radius (i.e 6 £ 0.5 mm), a gross
slip regime is observed (Fig. 8a) leading to assess both the average static (%) and dynamic (fi,) friction
coefficient, and also the ratio S—Z particularly interesting to control the transition from sticking to sliding
in microassembly. The average value of friction coefficients are computed by considering all the cycles
of the tribological tests. Besides, possible wear can also be assessed. For this kind of test, the sliding
velocity and the number of cycles are: 0.1 mm.s™' and 10 cycles, respectively.

e (ii) When the oscillation amplitude is lower than the contact radius (6 + 10 pm), no sliding is occurred
(Fig. 8b). So, the coating is just submitted to a shear test, that enables to assess the lateral contact
stiffness as reported by Mindlin et al [56]. The variations of the latter with the sputtering parameters
(incidence angle «, sputtering pressure) provide informations about the mechanical properties of films.
The lateral contact stiffness is the slope from the friction force vs. displacement (Fig. 8b). In this case
the velocity and the number of cycles are 5 um.s~! and 10 cycles, respectively.

3. Results and discussion

3.1. Morphology and structure of GLAD thin films

As expected by the structural zone model proposed by Thornton [57], films deposited according to our
deposition conditions and with a perpendicular incidence of the particles flux (o = 0°) exhibit a typical
columnar microstructure. This kind of morphology corresponds to the transition zone of the Thornton’s
model since the sputtering pressure was 0.11, 0.40 and 0.53 Pa and the substrate temperature was a few tens
of the chromium melting point (2173 K). Columns consist of inverted cone-like units capped by domes. Films
produced with these operating conditions appear as a quite dense structure with columns width close to 100
nm. They are more or less separated by voided boundaries that are few nanometres wide. A similar columnar
structure was produced for films prepared at sputtering pressure of 0.11, 0.40 and 0.53 Pa. Increasing the
incidence angle « of the particles flux, inclined columns become separated and a much more porous and
fibrous structure is produced as the incidence angle « increases and the sputtering pressure reduces down to
0.11 Pa. It is also worth of noticing that the column angle g is influenced by the sputtering pressure (Fig. 9
)-

As the incidence angle « tends to 90°, the column angle 3 asymptotically reaches 24° for 0.53 Pa whereas
B tends to 35° for 0.40 Pa and /3 reaches 60° for 0.11 Pa. Thus, for the three sputtering pressures, 8 versus
a well follows the empirical tangent rule (tana = 2tan ) up to an incidence angle « close to 60°, as
commonly observed for several compounds [58]. Afterwards, a saturation of the column angle 5 occurs. It is
mainly attributed to the mean free path of the sputtered particles and the sputtering emission (the angular
distribution of sputtered atoms follows an undercosine law for energy ions lower than 1 keV [59]) peculiar
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Figure 9: Evolution of the column angle 8 wvs. incidence angle o in chromium thin films deposited by sputtering for three
different argon pressures. Column angle 3 saturates close to 24 and 35° for sputtering pressure of 0.53 and 0.40 Pa, respectively
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Figure 10: Typical SEM views of the friction track after sliding for three sputtering pressures : (a) 0.11 Pa , (b) 0.40 Pa and
(c) 0.53 Pa and for the same incidence angle oo = 75° (horizontal sliding direction)

to the target material. Due to enhanced collisions between sputtered particles and argon atoms, flux of
chromium atoms impinging on the growing film becomes less directional [60]. The angular distribution of
sputtered chromium incoming from the target surface is spread leading to a more randomized flux rather
than pure ballistic and consequently, a saturation of the column angle 8 (cf. § 3.6).

3.2. Tribological properties of GLAD thin films in gross slip regime
3.2.1. Ewvolution of the average dynamic friction coefficient with the sputtering parameters
In contrast to what was previously observed by Abreu et al [21] and Lintymer et al [34] on chromium
GLAD films in micro- and macrotribological tests, respectively, the initial columnar structure is not damaged
after sliding using a multi-asperity nanotribometer (Fig. 10). So, the adhesion and the cohesion of these
films are strong enough to sustain the contact solicitations - 150 MPa - whatever the coating conditions.
Fig. 11 shows the evolution of the average dynamic friction coefficient (fig) vs. the incidence angle «
for the different argon sputtering pressures. For the lowest pressure (0.11 Pa), fig abruptly increases when
the incidence angle is higher than 50°. In constrast for the highest argon pressure (0.53 Pa), fig displays a
minimum for incidence angles in-between 20 and 40° revealing a bowl shape around these values. For the
medium sputtering pressure (0.40 Pa), Tig shows two maxima (about 0.32) for 20° and 55° respectively, which
reveal some kind of local effects probably induced by fine variations of the structure. As an unexpected
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Figure 11: Variations of the average dynamic friction coefficient vs. incidence angle o for the three argon sputtering pressures

result, no difference is observed in the tribological behaviours carried out in the direction “parallel” and
“perpendicular” to the orientation of the columns as reported by [23, 61]. However, these authors used a 17
pm radius diamond indenter tip as a slider - commonly used in nanoindentation test - which is probably
more sensitive but also more destructive than ours (2 mm radius SigNy ball). In the same way, there is
no real difference between tribological tests carried out “with” and “against” the tilt axis of the columns.
This is probably due to the size of the contact area, which is much more important than both the columns
size and the distance between the columns. Hence, the contact in multi-asperity nanotribology appears
quite insensitive to the individual orientation of the columns. Indeed, as reported by many authors working
on GLAD method [62, 63, 64], obtaining surface topographies without stochastic and non-separate surface
features is the main challenge of this technique. However, a route to bypass this issue could be to create a
seeded layer of known density and height prior to the GLAD deposition [27]. So, in our case, the column
orientation § does not appear as the driving force that controls the change in the friction behaviour. But,
referring to many authors [eg. 7], the films’ density - and more particularly the films’ porosity - are probably
the main ones.

When the error bars appear to be low enough - as observed in Fig. 11 - a pseudo 3D-map - as shown in
Fig. 12 - will be used instead of the classical 2D view in order to consider both the sputtering pressure and
the incidence angle « (Fig. 12a) or the column angle 8 (Fig. 12b). Thus the comparision of Fig. 12 and Fig.
4 reveals that the increase of g starting from 45° and 55° (for 0.11 Pa and 0.53 Pa, respectively) strongly
corresponds to the drop of the films’ density down to 93%. In the same time, the minimun of fig observed
in-between 20° and 50° (Fig. 11 at 0.53 Pa) greatly corresponds to the zone where the film’s density stays
constant (Fig. 4). Thus, fig appears as a parameter that is very sensitive to any change in the films’ density
as a bulk parameter.

However, in micro-gripping the static friction coefficient and more particularly the transition between the
static and dynamic friction coefficient has probably a greater importance than the dynamic one only.

3.2.2. Ewvolution of the average static friction coefficient with the sputtering parameters

Fig. 13 shows the pseudo 3D-maps of the average static friction coefficient 7; computed from the whole
of cycles (10 cycles back and forward). Overall, 7; has the same global behaviour than Ty with respect
to the operating parameters. Nevertheless it definitely appears more sensitive than the latter to any local
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Figure 12: Pseudo 3D-maps displaying the evolution of the average dynamic friction coefficient g as a function of the sputtering
argon pressure and (a) the incidence angle a and (b) the column angle 3

tribological variations linked to low variations in the sputtering parameters. Thus,

e for the lowest pressure (0.11 Pa), 15 is rather constant until o = 50° and strongly increases when the
film’s density drops as reported for fig;

e when the argon sputtering pressure increases from 0.11 to 0.53 Pa, there are column angles 8 (Fig. 13b)
where 775 displays a maximum (@r; ~ 0.5 at 0.40 Pa) or a minimum (f; ~ 0.17 at 0.53 Pa). Besides,
around these latter, Ti5 can be strongly modified - i.e multiplied or divided by a factor 2 - when S is
shifted to +5° (corresponding to a shift of « around 10° as shown in Fig. 13a).

Thus, for the lowest sputtering pressure, the behaviour of the static friction coefficient is the same as the
dynamic one - i.e controlled by the films’s density as a bulk property. But, for a given sputtering pressure
higher than 0.11 Pa - corresponding to a change in the sputtering mechanism from a pure ballistic to a more
randomised one (cf. § 3.1) - the static friction coefficient can accurately be controlled by adjustement of the
incidence angle a. Since the dynamic friction coefficient is less sensitive than the static one, it is also possible
to adjust the ratio % by tuning 75 that allows to accurately control the transition from sticking to sliding
by avoiding the stick-slip occurrence [65] and its consequences on the friction [66] and wear behaviours [67].
For example, Fig. 14 shows two different cases where the stick-slip occurence is completely avoided when
s = iy (at 0.40 Pa and o = 5° or o = 35°) or when the sticking is favoured over the slipping when 75 > Tig
(e.g. Trs > 2.1 at 0.40 Pa and o = 45° or a = 75" ). Hence, tuneable tribological properties can easily be
obtained in micro-gripping by using suitable sputtering operating parameters.

However, in constrast to what is observed for zig (Fig. 4 and 12), the evolution of &; with the operating
parameters can not be directly explained by considering the films’ density only. Indeed, Fig. 13a is not
directly comparable with Fig. 4 as reported for 7ig. So, it is necessary to remind the physical origins of the
static coefficient according to the literature: s originates from the static real contact area controlled by the
physico-chemical properties of the surfaces, in contrast to g, which is mainly governed by the mechanical
properties at the scale of the micro-asperities including elasticity, stiffness and inertia of the contact [18]. In
order to understand the relationship between the static coefficient behaviour and the operating parameters,
the physico-chemical and mechanical properties of GLAD films will be studied successively using (i) wettability
[15, 18, 38] and fractal dimension assessment [36, 37, 45, 47, 48, 68, 69, 70] on the one hand, and (ii) lateral
contact stiffness measurement on the other hand [56].

3.8. Wettability - Evolution of the contact angle of a water drop with the sputtering parameters
Fig. 15 shows the variations of the contact angle € of a water drop as a function of the incidence angle
« for the three sputtering pressures. It appears that the nanostructured surfaces are mainly hydrophobic
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Figure 14: 3D-map displaying the evolution of the ratio L‘=—Z as a function of the sputtering argon pressure and the incidence angle

o. This map is very useful to predict the operating parameters (i) to avoid any stick-slip phenomenon - e.g. when &, = i, for
0.40 Pa, a = 35° - or on the contrary, (ii) to favour sticking over slipping when s > 1ig (e.g. 0.40 Pa, a = 75° when 715 > 2.713)
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Figure 15: Variation of the contact angle 6 of a water drop vs. incidence angle « for the three sputtering pressures

(8 > 90°) in contrast to the initial chromium target, which is hydrophilic (6 = 49.1°+0.6). Thus, the contact
angle 0 of a water drop - and consequently the underlying adhesive contribution of friction due to the capillary
effects - seems to be controlled by the nanostructuration of the surfaces [7, 71, 72]. In our case, the contact
angle of the water drop clearly depends on the sputtering pressure:

e for the highest pressures (0.53 Pa) the contact angle is rather constant (about 117°) ;

e in contrast for the lowest pressure (0.11 Pa), the contact angle continuously increases from a hydrophilic
behaviour to a hydrophobic one. A linear trend is even noticed with a good correlation coefficient (r
= 0.99) revealing an enhancement of the hydrophobic behaviour with the incidence angle «. However,
the contact angle does not evolve anymore for the highest incidence angles. This result is in good
agreement with the theories proposed successively by Wenzel (1936) and Cassie-Baxter (1944) in order
to explain the wettability of heterogeneous surfaces [7, 9, 10, 71, 72]. This saturation value (around
125°) is probably due to the shadowing effect at the atomic scale as mentioned in § 2.2.1.

As reported in Fig. 16, the evolution of the water drop contact angle 6 as a function of the operating
parameters reveals that the wettability varies as well as the films’ density (Fig. 4) leading to the conclusion
that the variations of the contact angle 6 is directly controlled by the films’ porosity - described as air pockets,
which are able to control the water droplet spreading out [7].

However, the size of the water drop being greatly larger than the static real contact area, the variations
of the contact angle 6 as a function of the film’s density are not really accurate enough to explain that of
Tis. Hence, an accurate experimental assessement of the coatings’ density is needed. The fractal dimension
is one of them because it provides accurate informations about the degree of fragmentation of the surfaces.

3.4. Ewvolution of the fractal dimension with the sputtering parameters

For thin coatings, the fragmentation of the surfaces is strongly connected to the degree of porosity of
these ones: the more the surface is fragmented, the higher is the fractal dimension (D¢ in-between 2 and
3). Thus, as wettability, fractal dimension should be representative of the film’s porosity but with a greater
sharpness due to the topographic assessment technique - i.e AFM and interferometric profilometry - more
accurate than the water drop one.
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Figure 16: Pseudo 3D-maps displaying the evolution of the average contact angle 6 of a water drop (in °) as a function of the
sputtering argon pressure and (a) the incidence angle « and (b) the column angle 8
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Figure 17: Pseudo 3D-maps displaying the evolution of the average fractal dimension Bf as a function of the sputtering argon
pressure and (a) the incidence angle « and (b) the column angle 3
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Figure 18: a) Pseudo 3D-map displaying the evolution of the average lateral contact stiffness (Nm~!) as a function of the
sputtering argon pressure and for various column angles 8 and b) X-ray diffraction patterns of chromium thin films deposited
at 0.40 Pa and for various incidence angles o (the sharp central peak is the chromium one corresponding to the initial target)

As expected, in first approximation and in great agreement with the literature [68, 69, 70], Fig. 17
reveals that Ef varies as the wettability results. In the same way, there is no obvious correlation between
7iq (Fig. 12) and Dy in agreement with Ganti et al [47]. However, as an unexpected result, it appears that
Dy has the same variations as 7z; (Fig. 13): especially the positions of their maximum (at 0.40 Pa and
a = 20°) and minimum (at 0.53 Pa and « = 20°) are quite similar. Thus, the variations of z; seem strongly
correlated with that of D¢, which appears as the local variations of the films’ porosity - shown as air pockets.
Besides, the fractal dimension’s map (Fig. 17) gives more accurate informations about the surface than those
computed from a theoretical model (Fig. 4), which can not take into account the local variations of the real
nanostructures. It is well known [71], that the latter - by means of secondary grain growth for instance - is
able to create some kind of instabilities at the scale of the micro-nanocontact due to capillary effects. Thus,
the local variations of fi, could be explained by considering the local variations of the films’ porosity - i.e at
the scale of the columns - revealed by the local variations of the fractal dimension ﬁf. However, these ones
could also locally change the mechanical properties of the surfaces and consequently the friction behaviour
too. These evolutions can be assessed by means of the lateral contact stiffness (k).

3.5. FEwvolution of the lateral contact stiffness with the sputtering parameters

As mentioned before (§ 2.3), the lateral contact stiffness (k) is the slope from the friction force vs. lateral
displacement when the oscillation amplitude is lower than the contact radius (£ 10 pm) - é.e when the thin
film is submitted to an alternative shear testing where no sliding occurs. Referring to Mindlin et al. [56],
this lateral contact stiffness kr,(Nm™!) is connected to the elastic properties of samples as follow:

1
kL = 8a — — 2
TR TE ?
where a is the contact radius (m), G; and v; are the shear modulus (Nm~2) and the Poisson’ratio of each
sample, respectively.

Fig. 18areveals that the variations of the average lateral contact stiffness kr, are quite low (from 95 to 109
Nm~1) because the surface is rather homogeneous and dense enough in the thickness to insure the mechanical
cohesion of the films (the average value is about 103 Nm~!). These results are in good agreement with the
XRD ones, which reveal similar diffraction patterns with respect to the operating parameters. Hence, &,
- and consequently the elastic properties of the films - is not really controlled by the sputtering operating
parameters.

However some variations of ky, - similar to that of Ef and @5 - are locally observed: thus, as shown
in Fig. 18a, the maximum of the lateral contact stiffness clearly corresponds to the maximum of @, (Fig.
13b) but elsewhere the variations of &k can not be directly connected to the variations of 77;. These results
are also in good agreement with the XRD ones (Fig. 18b), which reveal both a widening and a shift of the
(110) peak with an incidence angle « in-between 30 and 50°. This peaks behaviour is typical of either (i)
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Figure 19: Angular distribution of chromium sputtered particles obtained from SIMTRA [73] for an incidence angle o = 80°
and for an argon sputtering pressure of a) 0.11 Pa; b) 0.40 Pa; c) 0.53 Pa.

some changes of the crystallites size or (ii) the presence of potential tension micro-stresses within the films
fabricated at 0.40 Pa with these incidence angles. Thus, the global variations of the films’ porosity do not
really change the mechanical properties of the films: the latter are quite homogeneous and controlled by the
denser subsurface. However, the local variations of the lateral contact stiffness - which are the same as those
of Dy and Ji; - could be correlated with either (i) the presence of internal stresses or (ii) some changes of
the crystallites size as reported before by the secondary grain growth. So, there is clearly a relation between
growth, structure and tribological properties.

3.6. Relation between growth, structure and tribological properties

For the lowest sputtering pressure (0.11 Pa), chromium thin films exhibit a regular columnar structure.
As previously observed in Fig. 9, growing of the highest column angle 3 is produced for a systematic rise
of the incidence angle «. In addition, the columnar structure is kept for high sputtering pressures but, 3
angle saturates at 35 and 22° for the corresponding pressure of 0.40 and 0.53 Pa, respectively. Such regular
columnar growth observed at 0.11 Pa is mainly attributed to the directional flux of the sputtered particles,
which is especially favoured at low sputtering pressure (Fig. 19).

Simulation of the particles flux from SIMTRA software [73] allows the determination of the sputtered
particles trajectories taking into account the geometry of the sputtering chamber and operating conditions
(e.g. pressure, ion current density on the target, ...). It is worth of noting that this spatial distribution
exhibit a strong directional flux at 0.11 Pa and for an incidence angle @ = 80° (Fig. 19a). An increasing
sputtering pressure up to 0.40 Pa leads to a spreading of the distribution (Fig. 19b), which is even more
emphasized at 0.53 Pa (Fig. 19c). As a result, such a loss of the directional particles flux with the sputtering
pressure has to be correlated with some features of the columnar growth as well as some singularities of the
static friction coefficient, the fractal dimension and to some extents the lateral contact stiffness.

e On the one hand, for sputtering pressure of 0.11 Pa, the evolution of the columnar orientation vs.
incidence angle « is smooth. A regular growth is produced due to a narrow spatial distribution of the
particles flux (Fig. 19a). So, most of the sputtered atoms impinge on the growing film according to the
given incidence angle «. Thus, a gradual variation of the tribological properties (Fig. 11), water drop
contact angle 8 (Fig. 15), fractal dimension (Fig. 17) are measured as a function of the incidence angle
a. As a result, variations of [z are quite similar to the 7zg ones.

e On the other hand, an increasing sputtering pressure does not solely reduce the mean free path of the
sputtered atoms and so, the scattering of the flux. It also favours the secondary grain growth in thin
films, as illustrated in Fig. 20 for chromium thin films exhibiting a spiral columnar structure. Thus,
a multi-directional character of the particles flux prevails against a single oriented flux for the chosen
incidence angle o« = 80°. Thermalization effect of the sputtered particles occurs and gives rise to a
more randomized growth of the columnar structure leading to local variations of surfaces properties as
porosity as recently reported [31]. Tribological behaviours of the films prepared at high pressure can
be closely linked to this secondary grain growth because of the loss of the directional feature of the
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Figure 20: Chromium thin films sputter-deposited at a sputtering pressure of 0.53 Pa. A spiral growth of the columns is obtained
using a constant incidence angle @ = 80° and a substrate rotation ¢ = 0.5 revolution per hour. A secondary grain growth can
be clearly observed.

sputtered particles. Typical local variations of static friction coefficient, the highest fractal dimension
or the strongest lateral contact stiffness are systematically observed for incidence angles o = 0 to 30°
(corresponding 8 angles are 0 to 20°) and for pressures in-between 0.30 to 0.50 Pa. Therefore, this range
of incidence angles and pressures well correlate with changes of the nanostructure due to secondary grain
growth, and friction behaviours. Hence, this range of sputtering pressures enables to tailor tribological
properties favouring sticking over sliding or, in contrast, avoiding any stick-slip occurrence.

4. Conclusion

In this work, chromium thin films were sputter deposited implementing the GLancing Angle Deposition
(GLAD) method (i.e the incident vapour flux strikes onto the substrate at tilted angles «) in order to create
inclined nanosculptured thin films for controlling tribological behaviour in micro-gripping applications. Three
sputtering pressures 0.11, 0.40 and 0.53 Pa were used and the incidence angle « of the sputtered particles
was systematically changed from 0 to 80°. Firstly, results reveal that the mechanical properties of the films -
as a bulk parameters - do not really change with the sputtering parameters. Secondly, tribological behaviour
- including surface properties - is strongly correlated with the growth mechanism and the structure of the
films, which are both linked with the operating sputtering parameters. Thus,

e for the lowest sputtering pressures, a regular growth is produced due to a narrow spatial distribution of
the particles flux. So, chromium films exhibit a regular columnar structure. The variation of the column
orientation is very smooth with the incidence angle o. A gradual variation of the tribological properties,
and especially the wettability is noticed as a function of the incidence angle «. In practice, this level
of sputtering pressure is quite interesting for tailoring surfaces displaying a gradient of wettability ;

e in contrast, when the sputtering pressures are increased beyond the pure balistic sputtering area, the
mean free path of the sputtered atoms is strongly reduced, and so the scattering of the flux prevails. In
addition, secondary grain growth in the thin films generally occurs. Thus a multi-directional character
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of the particles flux is enhanced against a single oriented flux leading to a more randomized growth of
the columnar structure. Local variations of static friction coefficient, wettability, surface porosity and
lateral contact stiffness are typically observed in this range of sputtering pressures. This latter enables
to tailor suitable surfaces properties by tuning the incidence angle o favouring sticking over sliding or,
in contrast, avoiding any stick-slip occurrence. Indeed, the static friction - and more particularly the
ratio % - can easily be adjusted to control the transition from sticking to sliding in micro-gripping.
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