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Abstract

Scratch tests on tungsten GLAD films examined friction anisotropy at vari-
ous deposition angles (a), normal forces (Fy), and scratching directions (¢).
A linear model of the coefficient of friction (u) revealed four behavior groups,
ranging from isotropic (o = 0° and 30°) to orthotropic (a > 60°). Interme-
diate angles (40° < o < 60°) showed slight non-centrosymmetric anisotropy.
Post-scratch analysis linked these behaviors to film morphology. A transition
from dense to columnar structures, with columns elongated perpendicular to
the atom flux, influenced plasticity. Less deformation occurred along scratch-
ing directions (¢ = 90°/270°) due to column chaining, resulting in higher
friction. A mechanical model highlighted how morphology-driven plasticity
variations explain the anisotropic behavior.

Keywords: Friction anisotropy, GLAD, Tungsten films, Tilted
nanocolumns

1. Introduction

The study of friction is rooted in the first Da Vinci’s theories during the
15th century [4]. Since then, following the establishment of a new scientific
field called Tribology in 1966 [26], various works have been extensively con-
ducted in order to investigate the complex phenomena that occur when two
surfaces come into contact, such as friction anisotropy.
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Friction anisotropy is defined when different coefficients of friction are
present depending on the direction or orientation in which two surfaces slide
relative to each other [64]. This behavior can be observed due to the crys-
tallography of various materials [14, 23|, and it is frequently noticed in bi-
ological surfaces and skins of different animals and plants [5, 35, 2]. As a
consequence, numerous bio-inspired attempts have been developed using the
friction anisotropy such as in surgical graspers and robots climbing slopes
9, 32].

Different techniques of surface texturing have been used to introduce
nanostructures on materials surface, leading to friction anisotropy [70, 21].
However, over the last few decades, the advancement of deposition techniques
has demonstrated the ability to create columnar structures in thin films. Ad-
ditionally, by applying an oblique angle, the creation of architectures similar
to those observed in nature and produced via surface texturing has been
achieved.

The technique which enables the production of these nanostructures is
the GLancing Angle Deposition (GLAD) [51]. It is an alternative version
of a physical vapor deposition in which the atoms from the target reach the
substrate at an oblique angle («) [20]. By controlling parameters such as
substrate temperature, and substrate rotation angles, numerous morpholo-
gies can be formed including zigzag structures, helical structures, vertical
columns, inclined columns, graded-density structures, s-type structures, and
others [20, 52]. Nowadays, given the wide range of possibilities in obtaining
nanostructures, GLAD thin films are used in various areas of technology such
as optical applications [17, 30], sensors [49], filter and anti-reflection coatings
[17], catalysis and biology [44], and solar cells [29, 50].

This micro- and nano-structural organization of films and surfaces has
proven to be highly beneficial in achieving anisotropic properties due to
their geometric characteristics. These anisotropic behaviors are observed
for the electrical properties of GLAD films deposited with different target
compositions [12], sputtering pressures, thicknesses [7] and target currents
[6]. Furthermore, some studies were carried out to evaluate the anisotropy of
thermal conductivity [8] and optical properties [48]. Although the anisotropy
of thermoelectrical and optical properties of thin films deposited by GLAD
technique have been studied in the last decades, only a few studies have
evaluated the mechanical and frictional properties [19, 1, 39]. If literature is
focused on friction anisotropy of GLAD films, even fewer studies are found.

Table 1 summarizes studies from 2010 to 2021 on the friction anisotropy



Table 1: Summary of the works studying scratch test on thin films deposited by GLAD
technique. SD shortens scratching directions where 0 representing scratching along the
columns tilt, 180 against it, and 90/270, perpendicular to it. CP represents the contact
pressure and its calculated using the model proposed by [31] and mechanical properties
found in [57, 33, 24].

Study | Material | Deposition | Thickness Indenter tip Normal load SD (°) CP Anisotropy?
angle (°) (GPa)
[59] Parylene 35 7.4-22 pm Spherical i) Constant load 3 directions 0.93 Yes
diamond tip 100 pN 0, 90
(17 pm radius) | ii) Increasing load and 180
0 - 300 pN
[22] Ti 85 39 nm i) Rectangular 0 - 50 pN 2 directions 1.34 Yes
flat tip 0 and 180
(2 pm x 6 pm)
Radii edges =
50 and 75 nm
ii) Circular cone
(10 pm radius)
[60] Cr 0:5:85 850 nm Siz Ny ball 10 mN 3 directions 0.22 No
(2 mm radius) 0, 90
and 180
[37] Mo 0 and 85 not 90° conical 100 - 8000 pN 2 directions 2.25 Yes
evaluated diamond tip 0 and 180
(100 pm radius)
[36] Ag 0 and 85 1 pm 90° conical 100 - 8000 pN 2 directions 0.88 Yes
diamond tip 0 and 180
(100 pm radius)
[42] Ag 0 and 85 200 nm Spherical sapphire 50 - 700 pN 4 directions 0.23 Yes
(400 pm radius) 0, 90,
180 and 270

of GLAD films subjected to scratching tests [59, 22, 60, 37, 36, 42]. Due to
variations in film materials, thicknesses, and tribological conditions, direct
comparisons of the GLAD films’ behavior are difficult. However, most studies
consistently observed anisotropy between scratching along (0°) and against
(180°) the column tilt.

Three studies also evaluated the perpendicular directions (90° and 270°)
to investigate whether, in addition to a non-centrosymmetric anisotropy, an-
other type of anisotropy could be detected. One study found no anisotropy
in any of the three directions (0°, 90°, and 180°) [60], saying it was due to the
indenter (a 2 mm radius SigNy ball) not being sensitive to the column ori-
entation. Another study found smaller friction coefficients at 180° compared
to 0° and 90° [59], but it used different test conditions and data processing.
Finally, [42] tested four directions and found that only one-arm films had
higher friction coefficients at 90° and 270°, especially at lower normal loads.




The anisotropic behavior observed between 0° and 180° is commonly ex-
plained by different deformation modes of the columns when scratching along
and against their tilt [22, 37, 36, 42]. This is usually studied by examining
a single column’s behavior, either through finite element analysis [22] or a
force balance system [59, 36, 42]. However, this approach may overlook the
fact that the indenter slides over a ”forest” of columns, not just one [22]. Ad-
ditionally, several studies have linked anisotropic behavior to the columns’
morphology [13, 11, 34, 43|, which is often neglected as a factor. Overall,
there is a lack of comprehensive analysis on this topic, which could provide
insights into the presence of plastic deformation and how it behaves in dif-
ferent scratching directions.

Additionally, as shown in Table 1, the authors limited their scratching
directions to two, three or four orientations. Considering that most GLAD
films have complex three-dimensional geometries and microstructures, limit-
ing the evaluation to a few directions can overlook the possibility of deter-
mining different behaviors along other directions, as it was already reported
for magnetic, optical and friction properties [15, 65]. This emphasizes the
need to evaluate the friction anisotropy of GLAD films more thoroughly.

GLAD enables the deposition of a wide range of materials, such as metals,
as well as oxides, ceramics and polymers. Among these materials, tungsten
has been extensively studied due to its combination of excellent mechanical
properties, high thermal stability, and high electrical conductivity [6]. Addi-
tionally, tungsten is utilized in various thin film technologies, such as diffusion
barriers [53], X-ray filters [47], and field emitters [69]. Additionally, tung-
sten has demonstrated flexibility in parameterization for the development of
nanostructures [12], making it the material of focus in this study.

In this context, the present study aims at evaluating the presence of fric-
tion anisotropy in tilted columnar tungsten films deposited using the GLAD
technique. To investigate this, a series of films were deposited at various
angles (a) from 0° to 85°, and their morphology and crystallography were
analysed. Subsequently, scratch tests were conducted with varying normal
forces (Fly) at four levels and scratching directions (¢) at eight angles to ob-
tain coefficient of friction data. This data was processed using a linear math-
ematical model to fit experimental results and to determine an anisotropy
degree, enabling quick identification and quantification of friction anisotropy,
as well as its type, symmetry aspects and form. All these analyses are con-
ducted with a detailed uncertainty traceability, ensuring a 95 % confidence
level in all results. Sequentially, post-scratching examinations of the films



provide insights into the correlation between friction results, anisotropy, and
the films morphology and crystallography. These observations suggest that
the friction anisotropy results from plasticity, which is driven by the mor-
phology. A mechanical model is proposed to analytically show this potential
influence of plasticity on friction behavior.

2. Materials and Method

Tungsten thin films were deposited on 20 x 10 mm? Si(100) substrates of
525 pm thickness using a homemade GLAD system. A 99.9 % purity target
of 20 em? was positioned 60 mm away from the substrate in a chamber which
was pumped down until reaching a residual vacuum of about 107 Pa. During
the deposition, neither rotation nor heating of substrate was applied, and the
current in the target was set at 140 mA. In order to evaluate the influence
of the deposition angle («), depositions were performed at o = 0°, 30°, 40°,
50°, 60°, 70°, 80°, and 85°. Argon flow rate was kept at 2.6 sccm with a
corresponding sputtering pressure of about 2.8 x 107! Pa. The deposition
time was adjusted to obtain film thicknesses in the range of 520 £ 50 nm for
all a.

Top and cross-sectional views of cleaved samples were captured using a
ThermoFisher Apreo S low-vacuum scanning electron microscope (SEM) to
characterize the film morphology. Thickness (t) of each film was measured
using a Brucker Profilometer model DEKTAK XT. A 12.5 pm radius tip with
a 45° cone angle was used to apply a normal force of 0.06 mN over a 800 pm
scan length. Nine measurements were distributed in both extremities and
the center of the samples in order to verify the thickness variation along the
samples length. These thicknesses were checked from the cross-section views
which were also used to determine the angle of inclination () of the films
columnar microstructure. For ( values, ten measurements along different
cross-section regions were performed (Fig. 1(a)), averaged and presented
with one standard deviation.

Regarding the crystallography, grazing X-ray diffraction (GIXRD) scans
were performed on a Malvern Panalytical Aeris diffractometer (Cu K-« ra-
diation = 1.5418 A) working at 30 kV and 10 mA, and setting a grazing
incidence angle of 0.8°. The scans were performed with the diffraction angle
varying from 20° to 90°.



2.1. Scratching tests

Scratching tests were performed using an Anton Paar GmbH Micro Scratch
MST and a spheroconical Rockwell diamond tip indenter (100 pm radius and
conic angle of 120°). The tests were conducted at room conditions with the
relative humidity being 47 + 2 % and the temperature in the range of 22 +
0.6 °C. A constant normal force was applied in a 0.5 mm scratch length with
a sliding speed of 6 mm/min. This velocity was selected based on prelim-
inary tests, which demonstrated that this variable has no influence on the
friction response of the films (cf. Section 1 of supplementary information).
The normal and tangential forces (Fy and Fr, respectively) were measured
with a 6 mN resolution, and Coulomb’s law was applied to calculate each
Fr/Fy experimental point. Four different values of Fy were applied: 1.50
N, 2.50 N, 3.25 N and 4.00 N, which corresponds to contact pressures, esti-
mated using the model proposed by [31], between 7 and 18 GPa, depending
on «. These contact pressures are considerably larger than those applied
in literature (Table 1). Furthermore, these loading levels were chosen after
carrying out preliminary test using increasing load scratch tests (from 0.1
N to 8.0 N) on 2 mm length scratches and evaluating at which loads the
tangential force measurement was statistically reliable and from which loads
the film degradation started.

For the above mentioned deposition parameters and without any rota-
tion of the substrate, the films generally exhibit an inclination facing the
incoming tungsten atoms, Fig. 1(a). This asymmetry results in the greater
focus on verifying the anisotropy between 0° and 180°, as previously shown
in Table 1. However, in this work, a detailed mapping of frictional behav-
ior is evaluated by defining eight different scratching directions (¢). These
directions were specified based on the tungsten atom flux for a non-normal
deposition (a # 0°). When the indenter moves along the same direction than
the film inclination, the scratching direction is defined as ¢ = 0°. Similarly,
if this movement is the opposite, ¢ = 180°. Finally, the eight directions can
thus be defined by rotating counterclockwise (Fig. 1(b)). Three repetitions
were conducted for each condition, and for each repetition, the average u
was calculated based on the stable portion of the Fr/Fy wversus displace-
ment curves. The data characterized by the presence of the static coefficient
of friction (u,) as the indenter starts to probe the samples, was eliminated
of the average calculation, as shown in Fig. 1(c).
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Figure 1: (a) A schematic representation shows the deposition angle, «, which implies in
a directional columnar growth pointing towards the tungsten atom flux. This tilt is used
to determine the scratching direction at ¢ = 0°, scratching along the columns tilt, and ¢
= 180°, scratching against it. (b) By rotating counterclockwise in steps of 45°, all eight ¢
directions are defined. (c) Finally, for each ¢, the average for coefficient of friction, u, is
calculated using the stable portion of Frr/Fy versus displacement curves.

2.2. Friction anisotropy

In order to describe the frictional anisotropy, one makes use of the anisotropic
extension of Coulomb’s law in a sole sliding regime proposed by [73, 74].
Therefore, the friction force F', belongs to R? and it can be described by
Eq.(1) as a function of the normal force and the sliding direction, v.

F;=—|Fyl- f(v) (1)
_ |cos(¢)
L= {sin(@} (2)

One assumes for ¢ a linear function of v following f(v) = C-v, where C
is a second-order tensor of R? and may be decomposed as C = C + A, where
C is the symmetric part and A is the anti-symmetric one. Here, contrary to
the set-ups in [46, 18], using a scratch tester, the sole projection of F' s along
v is measured. As a consequence, only the symmetric part of C is assessed:



v-C-v=1v-C-v+0. C may be conventionally described by its singular value
decomposition (SVD):

Ci1 Cho C—U-GU - cqs(v) —siny| g1 O cqs(v) —sin~y]"’
Ciy Cog siny  cos(y)| |0 gof | siny cos(y)

The angle v represents the inclination of the principal direction of the
fitting curve in relation to scratching direction. The matrix G is diagonal
and its diagonal terms g; are positive. They define the coefficients of friction
along the principal directions of the fitting curve, as it can be seen in Fig. 2.

Using this linear model, one imposes that the friction anisotropy is centro-
symmetric and is described through 3 parameters (Ciq, Ci2, C11) or (v, g1,
g2). Using the components of C, the coefficient of friction () is

11(¢) = Chy cos® ¢ + 2C1 cos ¢ sin ¢ + Cop sin® ¢ (4)

Considering the eight scratching direction measurements ¢;, the equation
above is recast as a linear system

M-C=p ()

where 1 = [p(1), o ji(08)]F, € = [Ch1, Cia, Coo]'. M is the matrix such
that M;; = cos? ¢;, Mz = 2cos ¢;sin¢; and M,z = sin?¢;. This system
is over-determined and is thus solved in a least-square sense to provide the
sought parameters

Ciog = (M"- M)"HM" - p) (6)

The difference between linear model fit and experimental points is as-
sessed using R = M - C),, — p, which is applied to calculate the global
residual n =, /%ﬁf.

The parameters 7, g; and g, are then obtained and a normalized anisotropy
degree is then defined as Ag = 2(g; - g2)/(g91 + ¢2). An isotropic case cor-
responds to g; = ¢ and Ag = 0. A propagation of the uncertainties during
all force measurements and calculations was performed in order to guaran-
tee a confidence level of 95% for the results (cf. Section 2 of supplementary

information).




Figure 2: Example of a polar plot and the fitting curves for the coefficient of friction (u)
data of all eight scratching directions evaluated (¢). The linear model used to perform
this fit provides the parameters «, which represents the inclination of the fitting curve,
and g1 and gy, which are the diagonal terms, defining the friction coeflicients along the
principal directions.

2.8. Post-scratch investigations

Post-scratch investigations were conducted by performing Focused Ion
Beam (FIB) cross-sections, using a Zeiss Ultra 55 MEG-FEG FIB. A protec-
tive platinum layer was deposited before etching the surface, followed by a
cross-section cleaning procedure. The cross-sections were then observed using
Scanning Electron Microscopy (SEM). To ensure consistency in the analy-
sis, FIB zones were positioned in close proximity and in regions with similar
thickness, accounting for potential variations in film thickness. Additionally,
SEM images of the films surface, both in as-deposited conditions and after
scratch tests, were acquired using a Thermofisher Apreo S in low-vacuum
mode.

3. Results and Discussion

3.1. As-deposited W films

All films thickness averages lie in the range 520 4+ 50 nm and the columns
are tilted at various [ angles pointing towards the atom flux, as listed in
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Table 2. Column inclination is a well-known characteristic of GLAD films,
with [ consistently smaller than « [20]. In the W GLAD films studied
herein, for the film deposited at o = 0°, the columns are perpendicular to
the substrate, as expected. As a becomes higher, § increases in a non-linear
relationship, which is consistent with the literature [20]. Numerous empirical
models have been used to predict 3 [38, 63]. However, it has been shown that
B is material-dependent [72] and influenced by several deposition parameters
[12, 43, 45]. As such, none of these models can be directly applied to the
results obtained in this study.

Table 2: Summary of tungsten films deposited by GLAD at various deposition angles.

Deposition angle, o (°) Deposition time Thickness (nm) Growth rate (nm/h) Column angle, 5 (°)

0 29'45” 953 £ 10 1115 £ 20 0.1 £28
30 32'53” 230 = 20 965 =+ 36 84 +£1.3
40 41°48” 525 £ 30 753 £ 43 13.5 £ 29
20 39407 238 + 43 812 £ 65 173 £ 3.0
60 36397 510 £ 50 832 £ 82 24.1 £ 3.7
70 42’197 540 + 39 766 £ 55 30.7 = 3.0
80 82'27” 570 £ 38 414 £ 28 373 £1.1
85 104’247 o045 £ 25 313 £ 14 36.5 £ 1.3

Figure 3 shows surface and cross-section views of W films deposited at o =
0°, 50°, 70° and 85°, with the yellow arrow indicating the atom flux direction
(cf. Section 3 of supplementary information for all films). Although the films
deposited at 0°< a < 40° present a columnar formation, which can be seen
for the film deposited at o = 0°, they are dense and compact (Figs. 3(a) and
(b)). The columns are close to each other, characterizing a fibrous feature.
These morphology changes when « reaches 50°, as larger columns and voids
separating some of them are observed. It means that the porosity of the films
starts to increase with appearance of open porosities, even though it remains
dense and compact at o = 50°, as shown in Fig. 3(c).

Columnar formation continues to evolve for larger o angles, as shown in
Figures 3(e)-(h). From a > 60°, a well defined columnar structure with larger
columns, more widely spaced and with an increased porosity, is evidenced
by the presence of voids between the columns. Most importantly, the top
views of these films show columns that are more elongated in the direction
perpendicular to the arrival of W atoms, corresponding to ¢ = 90°/270°.
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Figure 3: Surface and cross-section views by SEM of tungsten films obtained by GLAD
deposition performed at various deposition angles. (a)-(b) o = 0°, (c)-(d) a = 50°, (e)-(f)
a = 70° and (g)-(h) @ = 85°. The yellow arrows indicate the direction of the tungsten
atom flux during deposition.

Morphologies observed herein are consistent with those reported from W,
W-Cu and W-Ag films [6, 12, 7, 8, 13, 45]. These studies explain the strong
influence of the shadowing effect on the micro- and nano-structure of the
films when a > 60°, identified as a critical angle [56]. At these deposition
angles, atoms are initially randomly distributed on the substrate and, as the
growth continues, some structures start to nucleate. These structures evolve
into column features fanned out along the perpendicular direction to the flux
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of atoms [20]. This phenomenon is directly related to the diffusion energy
of the W atoms. As the columns grow, the shadowing effect intensifies,
preventing the W atoms from reaching the shadowed regions. Consequently,
well-defined columns with more voids between them and elongated in the
normal direction to the atom flux are formed. Similar morphologies have
been reported in literature [66, 58, 38]. When a < 60°, the shadowing effect
is less significant and does not greatly influence the morphology, because the
angle is not high enough to generate extensive shadowed regions. Therefore,
W atoms arrive with a more uniform distribution [66, 20|, which explains the
morphological characteristics of films deposited at 0° < a < 50°.

X-ray diffractograms of W films are presented in Figure 4. Several planes
of body centered cubic, bee-W and A15-W phases are identified. The (110)
and (211) planes of bece-W phase represent the highest diffracted peaks (26
= 40.2° and 73.1°, respectively), and their intensity are larger for the films
deposited at 40° and 50°. This bce-W phase formation during magnetron
sputtering have been already reported in many studies [68, 40, 41, 28]. On
the other hand, A15-W phase is well known for presenting higher electrical
resistivity [41] and hardness [62]. However, its growth process, composition
and structure are still discussed in literature. It has been proposed that it
is a form of tungsten oxide [16], while another part of scientific community
stands that this phase is stabilized by impurities, such as oxygen, but without
formation of oxide [40, 41].

Similarly to what is done by [71, 61], in order to evaluate the presence
of A15-W phase, the ratios of A15-W peak intensities in relation to the
bee-W planes are evaluated in the Table 3. Different ratios of the sum of
A15-W peak intensities ({415-w ), to the intensities for each (110), /(110), and
(211), I(211), planes of bee-W are observed. Similarly to what was previously
observed for the morphology, two groups may be defined herein: i) 0°< a <
50° and ii) 60°< o < 85°. The first group exhibits lower ratios indicating that
in proportion the quantity of A15-W phase identified in the XRD analyses
is not significantly important when compared to the second group. As «
reaches 60°, the presence of A15-W phase increases substantially, getting to
a maximum for the film deposited at o = 85°.

The bee-W phase is the most thermodynamically stable and the surface
adatom mobility is considerably higher in comparison to the A15-W phase
40, 55, 68]. When a GLAD deposition is performed at « closer to 0°, the
adatom mobility remains and the bee-W phase islands grow faster, covering

up the A15-W islands [27].
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Figure 4: XRD patterns of tungsten films deposited at various deposition angles. Silicon,
a-W phase and -W meta-stable phase are identified.

Table 3: Ratios of A15-W intensities to bce-W planes (110), Ta15-w/I(110), and (211),
IA15,W/I(211) obtained from the XRD patterns

Deposition angle, (0% (o) IA15fw/[(110) (X10_3) [A15fw/[(211) (XIO_Q)

0 28 13
30 o4 20
40 13 17
50 12 9
60 102 33
70 30 36
80 150 119
85 201 327

However, as « increases the shadowing effect becomes more important,
resulting in higher surface diffusion from bcc-W to lower adatom surface
islands (A15-W). This enables a favorable growth of A15-W phase in the
first stages of growing process, and consequently, it is expected that A15-W
islands are more concentrated close to the substrate [3].
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Although the A15-W phase nuclei become more important for higher «,
this phase is considerably unstable and may transform into bce-W phase
(68, 55]. This stability of A15-W phase is significantly influenced by the oxy-
gen presence [55, 68]. As conditions applied during all depositions are rela-
tively the same, the amount of A15-W phase is attributed to the increase of
a. A higher volume of voids allows more interaction between A15-W phase
and oxygen [25, 67]. Additionally, at lower deposition rates, the residual
oxygen in the chamber has more time to be incorporated during the depo-
sition, increasing the probability of A15-W phase nucleation [54]. As higher
a implies in lower deposition rate (Table 2) [20] and in a more porous mi-
crostructure (Fig. 5), more formation and stabilization of the A15-W phase
are observed.

3.2. Friction behavior

A detailed analysis was conducted, comparing results for four Fly values
(1.50 N, 2.50 N, 3.25 N and 4.00 N) for each v and in all ¢ directions. The
uncertainties associated with measurement and calculation of the coefficient
of friction (u) were considered. No significant statistical differences were
found between the values, indicating that, at a 95 % confidence level, the u
for all ¢ directions does not depend on the applied normal force, providing
a verification of Coulomb’s friction law in the chosen range of tribological
conditions (cf. Section 4 of supplementary information). Therefore, in the
following, only data for Fiy = 3.25 N are presented, plotted in polar plots, and
fitted with the linear model. This choice was made because smaller normal
forces exhibit larger measurement dispersion, and although optical analyses
have not confirmed any degradation, the normal load of 4.00 N sometimes
approaches to the critical load values identified in preliminary increasing load
tests.

Figure 5 shows the u(¢) in polar form for the scratching tests performed
with Fiy = 3.25 N on the films deposited at a ranging from 0° to 85°. Sym-
bols represent all the experimental points of u for each scratch performed
at each ¢, while the solid line is the fit of the data points by the linear
model application. Dotted lines represent the statistical interval of coeffi-
cient of friction values for the fit with a 95 % confidence level. Based-on
the curves shape, symmetry aspects, Ag (Fig. 6) values, and residuals (Fig.
7), four groups of films can be distinguished (cf. Section 5 of supplementary
information for the definition of the applied terms, such as orthotropy and
non-centrosymmetric).
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Figure 5: Coefficient of friction, pu, as a function of scratching directions, ¢, for the eight
deposition angles, a. The symbols represent the experimental points of . The solid line
is the fit of the data points obtained by the linear model, and the dotted lines represent
the statistical interval for the fit values with a confidence level of 95 %. Additionally, the
inclination of the fitting curves, v, is presented for the second group of films (60°< o <
85°).
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Figure 6: Anisotropy degree, Ag, obtained using the linear model for all deposition angles,

Q.

1.

2.

a = 0° and 30°: Isotropic behavior confirmed by circular shaped curves,
lower residuals and nearly null Ag values. The error bars are signifi-
cantly larger than the average, even extending into negative values for
Ag. However, since Ag cannot be negative, these results suggest that
the statistical value of Ag is close to zero for both films, and greater
uncertainty in the post-treatment of these fitting curves is observed.
a = 40° and 50°: Although, they present circular shaped curves and low
Ag values, a subtle shift in relation to the symbols can be observed,
mainly due to a slight non-centrosymmetric anisotropy between ¢ =
0° and 180°. As the applied linear model imposes a centro-symmetric
curve, this anisotropy results in the observed offset in these two direc-
tions. Some of the symbols are out of the dotted-line interval, indicating
that they are statistically different. This difference is confirmed by the
increase of the global residual 7.

a = 60°: Elliptical-shaped curve and larger Ag value are noticed, char-
acterizing the presence of an orthotropy where considerably larger p are
observed when scratching at ¢ = 90° and 270° than the other scratch-
ing directions. Additionally, a subtle offset in relation to experimental
data is observed, due to a slight difference between scratching at ¢ = 0°
and ¢ = 180°, resulting in a global residual in the same order of those
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obtained for a = 40° and 50°.

4. 70° < a < 85° Elliptical-shaped curves are observed. The films de-
posited at a = 70° and 80° exhibit larger residuals, indicating a slight
non-centrosymmetry. However, this non-centrosymmetry remains within
the same order of magnitude of the uncertainties. This is confirmed by
the fact that the experimental points remain within the dotted-line
interval. As « increased further, the non-centrosymmetric behavior
becomes even less pronounced, as observed for a« = 85°. This confirms
that these films present only an orthotropic behavior, as indicated by
the larger Ag values, which are approximately 0.35 for all three films.

For groups 3 (v = 60°) and 4 (70° < o < 85°), the orthotropy shows larger
coefficient of friction for ¢ = 90° and 270°, which align with the direction
perpendicular to the atom flux. This behavior is confirmed by the v values
obtained, which are close to 90°.
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Figure 7: Global residual 7 of the linear model for the u(¢) curves of all tungsten films
deposited at different deposition angles () and scratched at different normal loads (Fi).

The literature suggests that friction anisotropy in GLAD films is primarily

attributed to the tilt of the columns and the resulting asymmetry between
¢ = 0°and ¢ = 180° [59, 22, 37, 36, 42]. However, the results observed in
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this study indicate that while this anisotropy exists, as seen for groups 2 («
= 40° and 50°) and 3 (a = 60°), it might be influenced by other factors. The
primary friction anisotropy governing the W films in this study, under the
contact conditions applied, exhibits an orthotropic character (i.e., ¢ = 90°
and 270° vs. other directions) for o > 60°, which is far more prominent than
the subtle non-centrosymmetric anisotropy between ¢ = 0° and 180°.

3.8. Post-scratching morphological aspects

Figure 8 compares SEM images from surface views of as-deposited zone
and scratched zones for films deposited at o = 50° and 80°. No significant
difference between the as-deposited zone and scratched zone is observed for
the film deposited at & = 50°. However, the one obtained at o = 80° shows an
important variation, indicated by the compaction of the film and smashing
of the column apex.

Similar observations can be done on Figure 9 where FIB cross-section
views of the same films deposited at a = 50° and 80° are shown. An as-
deposited zone and three scratched regions, ¢ = 0°, 90° and 180°, are ob-
served. For a = 50°, as for the surface views, there is no significant difference
between the film before and after scratching. Its compactness is confirmed, as
the columns indeed touch each other and form an almost continuous “wall”.
However, the topography formed by the tops of the as-deposited columns
disappears after scratching, as after being loaded they appear to present the
same height, resulting in a flatter and more uniform top surface. It is also
evident that regardless of the scratching direction, the columns deform very
little, which is indicated by the small difference in thickness before and after
scratching. This primarily deformed region is similar for the three ¢ observed.
Given that the film is compact, with a few voids between the columns, the
indenter deforms the columns tips when sliding over them, but there is no
room for deformation in other directions. This behavior aligns with the circu-
lar shape of the friction coefficient curve of the film, reflecting similar friction
coefficients in all directions. However, it does not fully account for the slight
non-centrosymmetric behavior observed.

For the film deposited at o = 80°, the columns deform considerably more
than the one deposited at a = 50° (Fig. 8), as clearly shown by the reduc-
tion in film thickness after scratching (Fig. 9). Globally, the column tips
undergo large plastic deformations without fracturing in all three scratching
directions, resulting in a smooth, flatten top surface. However, unlike the
film deposited at o = 50°, there is a significant deformation at the level of
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Figure 8: Surface views of a film deposited at o = 50° and 80° in as-deposited and scratched
zones. The scratches were performed at ¢ = 0°, indicated by the blue arrows, and with
Fy=325N.

individual column. The columns bend in the direction of their inclination,
“lying” on each other, which significantly reduces the volume of voids, and
the primarily deformed region is considerably larger than the one observed
for a = 50°. In both cases, the primarily deformed region predominantly
occurs near the surface rather than closer to the substrate.

This difference in the deformation mode for a = 80°, as well as the oc-
currence of deformation in regions farther the substrate, may be attributed
to the morphology and porosity of the film. The film deposited at o = 80° is
considerably more porous, and the presence of voids leads to more room for
plastic deformation of the columns. However, the film density evolves with
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Figure 9: FIB cross-section views of W films deposited at a = 50° and 80°, in an as-
deposited zone and zones scratched at ¢ = 0°, 90° and 180°. These scratching direction
are indicated by the blue arrows.

thickness, i.e., in regions close to the film/substrate interface, there are more
small columns and less porosity. This density reduces as the film grows [20].

Concerning the A15-W phase, as previously mentioned, it occurs in the
first stages of growing process. Therefore, for the films deposited at 60° < o <
85°, which possess more remaining A15-W after deposition, the regions closer
to substrate present more A15-W, while the regions close to the film surface
are rich in bee-W phase. However, A15-W influence on column deformation
appears to be negligible. Furthermore, it does not interact with the contact
interface during scratch tests.
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Comparing the three scratching directions for the film deposited at o =
80°, deformation mode seems to be similar between the ¢ = 0° and ¢ = 180°
directions. The columns lean over its neighbor, and as it continues to be
loaded, it thins out in xz-plane and increases its width in the y-axis, which
can be confirmed by Figure 10.

As-deposited

L1

250 nm
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Deformed region

Undeformed
region

Deformed region

Undeformed
region

250 nm
—_

Figure 10: Transversal FIB cross-section views of W films deposited at « = 80°, in an
as-deposited zone and zones scratched at ¢ = 0° and 90°. These scratching direction are
indicated by the blue arrows.

On the other hand, when scratching at ¢ = 90°, the columns, despite
deforming in the direction of their inclination, show less deformation in the
xz plane, as shown in Fig. 9. It can even be said that the columns present
a morphology closer to the as-deposited one. Figure 10 also confirms this by
showing different deformation mode on the deformed region. The columns
are relatively less deformed in the z axis, the structure is less compact and
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columns less flat following the y axis, when compared to ¢ = 0°.

This difference in the columns deformation mode between the 0°-180° and
90° directions, although subtle, may also be attributed to the morphology.
Both shadowing and fanning effects intensify as « increases [66, 20]. The
result is the formation of columns chains in the direction perpendicular to
the atom flux (¢ = 90°). By loading the columns in this direction, the
indenter bends them plastically. However, unlike in directions such as 0°
and 180° scratching directions, the columns encounter fewer voids and touch
their neighbors more quickly, which results in a lower level of deformation, as
shown in Figures 9 and 10. The column chains have been already reported
for different materials and associated with the anisotropic behavior of some
film properties [66, 13, 11, 34].

For the films deposited at o = 40°, 50°, and 60°, the friction coefficient
() values are consistently higher when scratched in ¢ = 0° direction com-
pared to ¢ = 180°. These films also exhibit a clear morphological transition,
progressing from fibrous structures to the early development of pores, and
ultimately to low porosity. This indicates that the morphology, along with its
associated deformation mechanisms, plays a crucial role in determining both
the orthotropic and non-orthotropic friction behavior in these films. How-
ever, it appears that an additional factor influences the difference in friction
response between the ¢ = 0° and ¢ = 180° directions.

The combination of the intermediate tilt of these films (5 between 13.5°
and 24.1°) and their transitional morphologies likely contributes to the non-
centrosymmetric anisotropy observed under the scratching conditions applied
in this study. While this friction anisotropy is subtle, it aligns with results
from previous cited studies [22, 37, 36, 42]. In those works, pronounced
non-centrosymmetric anisotropy between 0° and 180° was often reported,
particularly for films deposited at o angles greater than 40°, 50°, and 60°.

3.4. Mechanical model

A simple 1D mechanical model is here proposed aiming at helping in
understanding the mechanisms associated with the presence or absence of
anisotropy in the frictional behavior of the films studied. Contrary to films
deposited at a = 0°, the observations above prove that sliding on films de-
posited at higher a values potentially involves two distinct mechanisms:

e Friction, which occurs on top of the columns. It is assumed to be
described by an isotropic friction coefficient fu;s,.
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e Another relative displacement accommodation mechanism, typically
plasticity, which is activated when the tangential force applied (T") to
the top of the column is equal or higher than a threshold Ty.

In a 1D setting, summarized in Figure 11, friction is allowed to develop
along a distance d, whereas the second mechanism is allowed to develop along
a distance p,

Fy

l
) mwmp|

T,
v > ‘_L{

NAARARY

Figure 11: Analytical model where a tip applies a normal load Fy in a column of width
d allowing the development of a relative displacement accommodation mechanism. This
mechanism is activated when the tangential force T' > T, the threshold to activation, and
it develops along a distance p.

As a consequence, the energy F, dissipated when sliding is

Eq=Ty-d+Ts-p=Fy-lliso-d+Ts-p <7>

At the macroscopic level, this is seen as an apparent friction, for which
the dissipated energy is

Ei=T, - (p+d) = Fy-pa(p+d (8)
The apparent coefficient of friction thus is

T
:/’LlSOd_’_ﬁp
p+d

La
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The second mechanism is activated only if T" > Tg, so that p, < s
When p — 0, pq — piso and the initial isotropic frictional behavior is recov-
ered. Since p is present a reduction in the apparent friction coefficient g,
appears. The accommodation mechanism responsible for this reduction may
be the plasticity. The model analytically confirms that when 7" > Ts and p
increases, the second mechanism reduces p,.

As seen from the various observations, more plasticity is developed when
sliding at the ¢ = 0° and 180° directions, whereas it is inhibited in the ¢
= 90° and 270° directions. According to the simple 1D model above, this
is consistent with a lower apparent friction coefficient at ¢ = 0° and 180°
directions compared to ¢ = 90° and 270°. This suggests that:

1. The plasticity may be the second accommodation mechanism.

2. The morphology of the film, by limiting its ability to deform plastically
in a direction perpendicular to the atom flux, induces the orthotropic
frictional behavior reported herein for films deposited at a > 60°.

In fact, when scratching in the ¢ = 90° and 270° directions, the increased
column-column contact results in less deformation and greater resistance
from the neighboring columns to the indenter’s passage. Consequently, it
becomes more difficult to continue scratching the film, resulting in higher
friction coefficients in these directions. As « increases, more voids and elon-
gated columns accentuate the formation of column chains, thereby enhancing
friction anisotropy. A similar approach was explored in the model proposed
by [10], where the reaction forces varied depending on the sliding direction
and the tilt angle of the surface structures.

Although the simple model effectively illustrates the influence of plastic
deformation on friction anisotropy, it does not account for the overall friction
coefficient levels of different films. This overall level depends mainly on g,
of each film, which may vary as the morphological aspect changes.

4. Conclusion

In this study, GLAD tungsten films were sputter-deposited with varying
deposition angles (o = 0°, 30°, 40°, 50°, 60°, 70°, 80°, and 85°) and deposition
times to achieve similar thicknesses. These films were subjected to scratch
tests at various directions (defined by the ¢ angle) and normal forces (Fly),
allowing a detailed mapping of the frictional behavior. Based on the above
research, the following conclusions are summarized.
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1. Due to the variation of «, a morphological evolution is observed from
dense and fibrous films to well-defined columnar formation with elliptical-
shaped structures aligned with the normal direction of atom arrival
(a > 60°). This morphology results from the more pronounced shad-
owing and fanning effects at higher a values.

2. XRD patterns reveal a predominant bce-W phase for all films. How-
ever, for films deposited at o > 60°, larger quantities of the A15-W
phase are observed. This is also attributed to the higher influence of
the shadowing effect during the deposition process, resulting in lower
deposition rates and more porous microstructures. These characteris-
tics allow greater interaction between the A15-W phase and residual
oxygen, leading to the stabilization of this phase.

3. The friction results show no influence of the normal force during the
single scratch tests, which agrees with Coulomb’s law.

4. The interpretation of polar plots and the definition of an anisotropy de-
gree parameter, both obtained by a linear model, reveals four distinct
groups of films: (i) isotropic (e = 0° and 30°), (ii) non-centrosymmetrically
anisotropic (o = 40° and 50°), (iii) orthotropic and non-centrosymmetrically
anisotropic (o = 60°), and (iv) orthotropic (70° < a < 85°). For the or-
thotropic groups, larger coefficients of friction are obtained for scratches
performed at ¢ = 90° and 270°.

5. The orthotropic behavior observed for some films (60° < o < 85°) is
attributed to their morphology. The elongated nanostructures form
column chains aligned in the normal direction to the atom flux, which
coincides with ¢ = 90° and 270°, altering the deformation mode of the
columns during scratching. When scratching at ¢ = 90°, the indenter
causes the columns to touch each other more quickly than in other
directions, resulting in less deformation of the columns. FIB images
reveal that the reduced deformation of the columns is characterized by
less bending and wider columns. By allowing plasticity to develop when
sliding in the direction of the atom flux while limiting its development
in the perpendicular direction, the morphology appears to play a key
role in controlling the anisotropic friction behavior. The structural
arrangement of the columns influences how the material deforms under
different loading directions, which in turn affects the observed frictional
responses.

Further work is ongoing to verify if those conclusions apply to other ma-
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terials, as well as in mutli-pass friction.
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