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Abstract: Tribology, as the science and technology of interacting surfaces, typically relies on liquid
lubricants which reduce friction and wear. For environmentally friendly tribological purposes and
applications requiring a liquid-free performance, solid lubricants, such as MoS, coatings, play an
essential role. It is crucial to understand the interplay between the parameters of the coating synthesis
and the characteristics of the coating. The impact of the deposition parameters on the structural,
mechanical and frictional properties of MoSy thin films, which are synthesized by high-power impulse
magnetron sputtering, are studied. The morphology, topography and stoichiometry (2.02 < x < 2.22)
of the films are controlled by, in particular, the bias-voltage and heating power applied during the
sputtering process. In combination with a low pulse frequency the hardness and elastic stiffness of
the MoSy films are enhanced up to 2 and 90 GPa, respectively. This enhancement is assigned to a
shortening of the Mo-S bonding lengths and a strengthening in the interatomic coupling as well as to
a formation of small-sized crystallites at the surface. The friction coefficient reduces to n = 0.10 for
films with an initial (100) orientation and the mean roughness of the MoSy films decreases below
15 nm by shortening the cathode pulses.

Keywords: molybdenum disulfide; high power impulse magnetron sputtering; thin films; friction;
inelastic light scattering

1. Introduction

Surface modifications of machining parts, subjected to a tribological load, provide the performance
and long lifetime which are highly required for today’s production processes and technical applications.
Wear resistance and reduced friction are achieved by physical-vapor-deposition (PVD) coatings [1,2].
In this context, the rotor contact in dry-running twin-screw machines without timing gears, examined
as prototypes in various application areas, are of special interest [3-5]. The rotor mesh is characterized
by remarkable tribological requirements taking into account that a lubricating auxiliary fluid is not
available. In dry-running operations, a relatively high thermal load occurs in the rotor contact (about
400 °C) underlining the importance of a wear protection coating [6]. In addition to typically used
tungsten carbide coatings, a similarly hard diamond-like-carbon wear protection film with a hardness

Coatings 2020, 10, 755; doi:10.3390/coatings10080755 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-2681-3013
https://orcid.org/0000-0002-8678-4402
https://orcid.org/0000-0003-2255-6299
https://orcid.org/0000-0001-6139-4718
http://www.mdpi.com/2079-6412/10/8/755?type=check_update&version=1
http://dx.doi.org/10.3390/coatings10080755
http://www.mdpi.com/journal/coatings

Coatings 2020, 10, 755 20f17

of 15-25 GPa is exploited [7]. The wear rates achieved are promising, but they are still a subject of
ongoing research.

In addition to carbon-based hard coatings, lamellar coatings, including graphite, MoS, and WS,,
are successfully used as solid lubricants to reduce the friction coefficient between sliding or rolling
surfaces [8,9]. MoS, features a lamellar buildup in a hexagonal structure with individual molybdenum
and sulfur planes, while the molybdenum layer is surrounded by sulfur at both sides. Within the
planes covalent bonds and between the planes easily slidable Van-der-Waals bonds are present [10].
For this reason, the different layers can slide against each other and allow low friction coefficients.
Since these tribological properties are preserved up to at least 400 °C, these layers find application in
various fields [8,11,12].

In contrast to bulk materials, superior properties are achieved using sputtered MoS; layers.
These layers provide low coefficients of friction and a long lifetime compared to films grown by other
methods, such as powder-compacted layers [13]. MoS; layers exhibit a coefficient of friction between
p = 0.15 and 0.30 in conventional air containing at 50% humidity [14]. The coefficient of friction
depends on various external parameters, such as the contact pressure, temperature, humidity and
layer properties including, for example, the film thickness, growth structure and elastic modulus [8].
The PVD parameters play an essential role for the structural and tribological behavior of MoS, films.

Important tribological properties, like the friction coefficient, wear resistance and wear particle
formation, depend on the composition, adhesion, and morphology or porosity of the interacting
surface [15]. A low coefficient of friction and an extended lifetime shall be achieved by combining
a good adhesion of the surface layer to the substrate, a high purity of the coating, and a dense
morphology with a small crystallite size [15]. For a HiPIMS grown MoSy thin film, a decrease of
the friction coefficient is reported with an enhanced surface pressure applied during the tribological
contact, due to the formation of more third-body particles leading to a thicker tribofilm formation [16].
A transfer film formation is also promoted by oxygen and H;O in the atmosphere as reported by
Lietal. [17].

The growth temperature affects the crystallite size and stoichiometry of the coating: At a
temperature of 100 °C, an S/Mo ratio of 1.90 is observed, for direct-current sputtered MoSy films.
The ratio further decreases down to 1.71 at about 300 °C, i.e., with increasing substrate temperature [18].
The influence of the bias-voltage on the stoichiometry and structural properties of MoS,-Ti composite
films has been studied by Biilbiil et al. [19]. With an increasing bias-voltage, the layer thickness and the
S/Mo ratio are reduced due to resputtering phenomena and an enhanced ion bombardment. According
to Vierneusel et al. [20], the usage of a high bias-voltage leads to a decrease in the friction coefficient,
but also to a short coating lifetime. This effect may be ascribed to a high kinetic energy of the species
due to the increased bias-voltage. Nevertheless, the diverse impacts of the deposition parameters
on the coating properties as well as the corresponding microscopic reasons are not understood in
detail yet.

MoS; thin films have mainly been magnetron-sputtered in the direct-current [18,21] or radio-
frequency [20,22-26] mode. To improve the coating properties, MoS, composite coatings containing
TiN [27], or e.g., Ti [19,28], have been grown. Another attempt is the synthesis of a Mo,N/MoS,
composite, merging the unique properties of both materials [29]. Instead of changing the chemical
composition, a downstreamed vacuum heat treatment can improve the wear life time of the coating,
due to a change from an amorphous-like to a nanocrystal state of the microstructure [30]. A sophisticated
growth method is by high-power impulse magnetron sputtering (HiPIMS), which provides a high
ionization of the particle plasma by short impulses on the cathode. Films synthesized by HiPIMS
reveal a dense and fine morphology [31] leading to a high hardness [32] and a high oxidation
resistance [33]. Thus, the tribological properties, like the wear resistance of the film grown by HiPIMS
can be improved [34]. Up to now, mainly composite coatings were grown by the HiPIMS method,
for example (Cr1_,Alx)N+MoS, [35] and pure MoSx HiPIMS coatings [36,37] have only been rarely
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studied. For MoSy thin films grown in HiPIMS mode, an increase of the bias-voltage leads to a more
pronounced (100) orientation accompanied by an decrease of the friction coefficient [37].

For MoSy films synthesized by the HiPIMS method including the bias-voltage, the impacts
of the growth parameters on the structural, mechanical and frictional properties of the films were
studied in this research. For comparison, a conventionally direct-current magnetron sputtered MoSy
coating was prepared. For correlating the growth parameters with the MoS, film properties and
providing microscopic descriptions, complementary characterization methods including scanning
electron microscopy, X-ray diffraction, laser light scattering, nanoindentation as well as ball-on-disc
tribometer experiments were used. It is demonstrated that the structural inhomogeneity of the dense
MoSy films is remarkably affected by the bias-voltage and heating power. An increasing heating power
shifts the stoichiometric S/Mo ratio towards 2 which is attributed to a high surface diffusion during
the synthetization process. A weak heating power and low pulse frequency lead to a shortening
of the Mo-S bonding lengths and to an enhancement in the interatomic coupling as well as to the
formation of small-sized crystallites at the surface. As a result, the hardness of the MoSy films rises up
to 2 GPa. The friction coefficients of the HiPIMS films range between 0.10 and 0.16. A high coefficient
of friction is observed for films with a homogeneous structure which is resistant against shear forces.
A low averaged friction coefficient is achieved for films with an initial (100) orientation. Moreover,
short pulses cause smooth surfaces of the MoSx coatings with mean roughness values of less than
15 nm. The study provides a major step towards the understanding of the interplay between HiPIMS
deposition parameters and the properties of MoSy films, making them a promising platform for the
solid lubrication in tribologically relevant applications.

2. Materials and Methods

MoSx thin films were deposited on heat-treated steel substrates (1.2343, AISI-H11) with a hardness
of (8.1 £ 0.4) GPa and on (100)-oriented silicon wafers using an unbalanced magnetron sputtering
device (CC800/9 Custom, CemeCon AG, Wiirselen, Germany). The substrates were ground and
polished in different steps (9, 6 and 3 pm suspension) prior to the coating process to enhance the
surface quality to an arithmetic mean roughness of Ra = (4.9 + 0.5) nm. After each step, the substrates
were cleaned in an ultrasonic ethanol bath. In the PVD chamber, the substrates were heated up and
were subjected to a gas-etching process (mixture of argon and krypton gas) which removed oxides
from the surface. A subsequent booster-etching process using two molybdenum targets was used to
improve the adhesion of the MoS, films on the substrates, as reported for MoS,-Nb composites [38].
The films were deposited by the HiPIMS technique using a MoS; target of 99.5% purity and an average
cathode power of 3 kW. The used target arrangement is shown in Figure 1a.

Argon and krypton were used as process gases leading to a total chamber pressure of 350 mPa.
The bias-voltage was synchronized with the HiPIMS cathode by 150-ps-pulses and an offset of 40 ps.
The heating power was set to Py = 3 kW, the bias-voltage to U = =150 V, the pulse frequency to
fp =700 Hz, and the pulse duration to ¢, = 150 ps. These deposition parameters define the central
parameters of our coating design and, in turn, that of sample ID1. For the samples ID2 to ID9,
the deposition parameters were changed to lower and higher values in a definite manner so that three
different values for each parameter were investigated. An overview of the deposition parameters and
structural properties is given in Table 1. A reference MoS thin film (DC) was sputtered in direct-current
mode with deposition parameters corresponding to that of the central sample ID1. For the reference
film the bias-voltage was changed from the pulsed to the direct-current mode. For all parameters,
the sputtering time was kept constant at 3800 s.
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Figure 1. (a) Arrangement and target setup in the deposition chamber and (b) experimental setup of

the ball-on-disc investigations.

Table 1. Overview of the deposition parameters and structural properties of the MoSx films, including
the substrate temperature Tg, coating thickness d, mean roughness Ra and the intensity ratio between
the XRD peaks (100) and (002).

o Pu Uz fp Ts d Ra Mo s $/Mo (100)/

W) (V) (Hz) (us) Q) (um) (nm) (at.%) (at.%) Ratio (002)
DC 3000 150 - - 312+1 270+0.02 79.1+15 38.62+0.25 6638+025 159+0.02 7.8+04
1 3000 150 700 150 3115 1.75+0.01 18.6+0.7 33.07+022 6693+022 202+002 22+0.1
2 500 150 700 150 128+1 141+0.01 131+1.1 31.02+045 68.89+045 222+0.05 12+0.1
3 5500 150 700 150 388+5 203+002 21.6+20 3243+030 6757+030 2.08+0.03 14+0.1
4 3000 50 700 150 308+2 226+001 224+32 3220+0.11 6780+0.11 2.11+0.01 1.6 +0.1
5 3000 250 700 150 306+1 155+0.02 186+35 3154+020 6846+0.20 217+0.02 6.7+03
6 3000 150 400 150 306+1 1.25+0.01 127+05 3197+032 68.03+0.32 214+0.03 19+0.1
7 3000 150 1000 150 308+1 248+0.02 293+06 3238+0.16 67.62+0.16 209+0.02 94+0.1
8 3000 150 700 85 3061 147+001 169+33 3146+0.18 68.54+0.18 218+0.02 3.7+04
9 3000 150 700 215 305+1 210+0.02 803+3.7 31.77+024 6823+024 215+0.02 10.6+0.8

The coatings were designed by means of a predictive analytics software (JMP Pro 14, SAS Institute
Inc., Cary, NC, USA). For the statistically based analysis of the parameters and experimental data,
linear effects of the deposition parameters on structural and mechanical properties of the MoS, films
were taken into account and mutual interactions were neglected. The significance of the analyzed
deposition parameters was determined in accordance with a significance level of 0.05 using the
probability value (p-value). For evaluating the effects of the deposition parameters, a f-test was
performed. The respective values are listed in Table 2. The statistical analysis is based on the following
null hypothesis: The deposition parameters (heating power, bias-voltage, pulse frequency and pulse
duration) do not affect the properties of the MoSy films.

Table 2. Statistical evaluation of the effects of the deposition parameters on different film properties
using p- and t-values.

Deposition Parameter =~ p-Value  t-Value Deposition Parameter  p-Value  t-Value

Roughness Coating Thickness
Pulse duration 0.0663 2.51 Pulse frequency 0.0004 11.00
Pulse frequency 0.5500 0.65 Bias-voltage 0.0032 -6.33
Substrate temperature 0.6222 0.53 Substrate temperature 0.0043 5.85

Bias-voltage 0.8908 -0.15 Pulse duration 0.0048 5.68
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Table 2. Cont.

Deposition Parameter p-Value  t-Value Deposition Parameter  p-Value  t-Value

Full width at Half Maximum (FWHM) of

5/Mo Ratio (100)-XRD Peak
Substrate temperature 0.1466 -1.80 Pulse frequency 0.0092 —4.72
Bias-voltage 0.5240 0.70 Substrate temperature 0.0642 —-2.54
Pulse frequency 0.5936 -0.58 Bias-voltage 0.1260 1.93
Pulse duration 0.7358 —0.36 Pulse duration 0.1395 -1.84
(100)/(002)-XRD Intensity Ratio (002)-XRD Peak Position
Pulse frequency 0.1692 1.68 Substrate temperature 0.0019 7.27
Pulse duration 0.1970 1.55 Pulse frequency 0.0763 2.38
Bias-voltage 0.3160 115 Pulse duration 0.4037 -0.93
Substrate temperature 0.6466 0.49 Bias-voltage 0.4382 0.86
Hardness Friction Coefficient (Uncoated Counter Body)
Pulse frequency 0.0303 -3.29 Bias-voltage 0.0661 -2.51
Substrate temperature 0.0439 -2.90 Pulse frequency 0.2790 1.25
Pulse duration 0.4471 —0.84  Substrate temperature 0.4365 0.86
Bias-voltage 0.5280 0.60 Pulse duration 0.9976 0.00

The voltage and current of the cathode pulses were recorded during the growth processes
in 1 ps steps for the different deposition parameters using an oscilloscope type 1280 (PeakTech,
Ahrensburg, Germany).

The topography of the MoSy film surfaces and the morphology of their cross sections, which were
prepared by cryogenic breaking, were analyzed by field-emission scanning electron microscopy (SEM;
FE-JSEM 7001, Jeol, Tokyo, Japan). The coating thickness was obtained from the cross-sectional
SEM images. Energy-dispersive X-ray spectroscopy (EDS) provided the determination of the film
composition which enables the calculation of the Mo/S ratio. The physical structure of the thin films was
characterized by X-ray diffraction (XRD; D8 Advance, Bruker, Madison, WI, USA) using a wavelength
of A = 0.154187 nm (Cu-Ka radiation source). The samples were measured in the Bragg—Brentano
geometry. The scanning in the 26 range was done in progressive steps with a width of 0.035° and an
exposure time of 0.6 s per step. The evaluation of the (100)/(002) intensity ratio is based on the maximum
intensities of the (100) and (002) peaks obtained by Lorentzian fits. The full width at half maximum
(FWHM) was also obtained by Lorentzian fits. Additionally, the arithmetic mean roughness Ra of the
films was measured by means of a confocal white-light microscope (uSurf, NanoFocus, Oberhausen,
Germany) and evaluated by the software LeicaMap 8 (Leica Microsystems GmbH, Wetzlar, Germany).

Furthermore, the MoSy coatings were examined with inelastic laser-light scattering spectroscopy to
elaborate acoustic and optical vibrations of the MoSy lattice. A confocal Raman spectrometer (MonoVista
CRS + 750/BX51, S&I GmbH, Warstein, Germany) with a single-frequency laser (A = 532 nm) and
liquid-nitrogen cooled charge-coupled-device camera was used [6,39]. The laser spot at the sample
surface was about 4 um and the laser power was set to less than 1 mW to exclude laser-induced
alterations of the film surfaces.

The hardness and Young’s modulus were evaluated from nanoindentation measurements (G200,
Agilent Technology, Santa Clara, CA, USA). In total, 49 indents per sample in a distance of 50 um were
performed using a Berkovich diamond tip and the continuous stiffness mode [40,41]. The mechanical
properties were measured in a depth between 100 and 500 nm of the MoSq film to prevent an influence of
the surface and the substrate material on the data acquired. A Poisson ratio of v = 0.2 was assumed [42].

The dependence of the friction coefficient of the MoSy films on the deposition parameters
was studied by ball-on-disc tribometer (CSM-Instruments, Peseux, Switzerland) measurements as
visualized in Figure 1b. As counter-body 100Cr6 balls with a diameter of 6 mm, a hardness of
H = (11.31 £ 0.13) GPa, and a Young’s modulus of E = (225.4 + 2.3) GPa were selected. In addition to
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uncoated balls, MoSy coated counter bodies having the properties of the corresponding samples were
used. The friction measurements were conducted at room temperature in air atmosphere containing
50% humidity. The sliding parameters were set to 1500 revolutions, the radius to 8 mm, the velocity to
0.4 m/s and the normal force to 5 N.

3. Results and Discussion

3.1. Structural Properties of the MoSy Films

The surface topographies and cross-section morphologies of the MoSy films grown under different
HiPIMS deposition parameters are displayed in Figure 2 (top left and right). The thin films demonstrate
a fine and dense morphology which in turn indicates a reduced porosity, which is also evaluated from
the images of Figure 2. Nevertheless, most of the films reveal a dendritic needle-like structure. A coarse
topography, however, characterizes the reference DC sputtered MoSy film which is comparable to the
structure of an RF sputtered MoS; film [23].

(a)
P,=3000W, U,=150V (DC) ) 50V, f,=700Hz,
2 t,=150ps,1D 1

P,=3000W, f,=700Hz, t,=150,

BSE 100 nm 1 pym

\{vé'lD 7 (f,=1000Hz i 1D 8 (t,=85us)
}

T e # L R
I [ -]()O nm 1 um 00 R » 100 nm 1 um

Figure 2. SEM images of the strucutre of (a) a DC (yellow) and HiPIMS (black) grown MoSy thin film and
(b) HiPIMS grown MoSy thin films with varied heating power (red), bias-voltage (blue), pulse frequency
(grey), and pulse duration (green). The topography of the thin films is shown in the top left inset,
and the morphology in the right inset. Magnified cross-section images in backscattered-electron (BSE)
mode (bottom left) show details of the morphology.

Further insight into the morphology of the films is provided by high magnified SEM images taken
in the backscattered-electron (BSE) mode shown at the bottom left of Figure 2. The growth structure
of the films IDS, ID5 and ID2 is more homogeneous than that of the other MoS, coatings. Hence,
we propose that the homogeneity of the HiPIMS film growth becomes pronounced for a short pulse
duration, a high bias-voltage, and a low heating power.

The structural quality of the MoS film is further elaborated by considering the arithmetic mean
roughness Ra. According to Table 1, Ra varies between (12.7 + 0.5) (ID6) and (80.3 + 3.7) nm (ID9),
for the films grown by the HiPIMS method. The roughness of the reference DC sample amounts to
(79.1 £ 1.5) nm and is comparable to that of ID9. The different deposition parameters do not affect
the roughness value significantly according to the statistical evaluation presented in Table 2 (p-values
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above 0.05). Nevertheless, it is observed that the roughness increases with increasing pulse duration
from (16.9 + 3.3) nm (¢, = 85 ps), to (18.6 + 0.7) nm (¢, = 150 us) to (80.3 + 3.7) nm (¢, = 215 ps), for IDS,
ID1 and ID9, respectively. The aforementioned trend to obtain a low surface roughness with temporally
narrow pulses corresponds with the SEM data on the morphology and topography of homogeneous
MoSy films. Accordingly, the ID8 sample with a smooth surface (Ra ~ 17 nm) grown at t, = 85 us has a
more homogeneous structure than the MoSy coatings deposited at higher pulse durations.

The cross-section SEM images moreover indicate that the deposition parameters affect the coating
thickness 4 in different ways. These dependences are depicted in Figure 3. A high thickness, deduced
from the cross-sectional images, of the MoSy coatings is achieved with increasing heating power,
pulse duration and frequency. This trend is also indicated by the positive t-values in Table 2. Increasing
the absolute value of the negative bias-voltage (f-value < 0) leads to a narrowing of the MoSy film.
For instance, the lowest thickness d = (1.25 + 0.01) um and the highest one d = (2.48 + 0.02) pm
are obtained for the ID6 and ID7, respectively. The thickness of the reference coating amounts to
(2.70 £ 0.02) um, see Table 1. According to the statistical evaluation, see Table 2, the pulse frequency and
bias-voltage exhibit the highest impact on the coating thickness. Furthermore, the substrate temperature
Ts defined by the heating power is important for controlling the coating thickness; considering the
samples ID2 and ID3, a high substrate temperature is related to a large coating thickness.

2.6
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24  1ma ID7
=22 * D9
= 3 v
@ 2.0 u
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)
2 135l ID1
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Figure 3. Dependence of the thickness of the HiPIMS MoSy films on the heating power Py and
bias-voltage Ug, for fp, = 0.7 kHz and t, = 150 ps, as well as the pulse frequency f}, and pulse duration
tp, for Py =3 kW and Ug = -150 V.

The film-thickness dependence is additionally studied by the impact of the peak current density
on the deposition rate. Papa et al. [43] ascribed a lowering of the deposition rate and coating thickness
to an increased peak current density. For Cr sputtering, an increase in the deposition rate is observed
with rising peak current density only up to a threshold value of about 570 mA/cm? [44]. For higher
densities, the deposition rate decreases owing to self-sputtering effects. To calculate the maximum
peak current density, the oscilloscope data were taken and the measured maximum current of the
individual pulses associated with the target size of (500 x 88) mm?. Taking into account exemplarily
the films ID5 (f,, = 700 Hz, Ug = —250 V) and ID7 (f, = 1000 Hz, Up = —150 V), the maximum peak
current density is (658 + 9) mA/cm? (ID5) and (543 + 7) mA/cm? (ID7). Indeed, the coating ID5 is about
0.9 um thinner than that of ID7. A narrowing of the MoSy film thickness may be caused not only by a
self or resputtering for peak current densities above a threshold value, but also by a densification of
the film resulting from a high bias-voltage. The latter aspect has been shown within the analysis of the
SEM images and was observed in MoSy [37] and MoS,-Ti films [19].
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The ratio between the Mo and S atoms within the MoSy films was evaluated from EDS
measurements of the chemical composition. As listed in Table 1, the HiPIMS grown MoS films exhibit
S/Mo ratios between 2.02 + 0.02 (ID1) and 2.22 + 0.05 (ID2), which are higher than that of an MoS,
alloy. Accordingly, the sulfur content of all HiPIMS grown films is higher than 66.6 at.%. A lower ratio
of 1.59 + 0.02 is measured for the DC sputtered film. The change from the DC to the HiPIMS growth
method demonstrates the highest influence on the stoichiometry of the MoS, films from 1.59 to 2.13 on
average, although both methods used the same average cathode power. This leads to the conclusion
that the ionization of the sputtered material by using different power supplies plays a superordinate
role. Among the HiPIMS films the increase in the substrate temperature, caused by an enhanced
heating power, seems to reduce the S/Mo ratio towards 2. By increasing the substrate temperature from
100 to 300 °C a decrease of the S/Mo ratio from 1.90 to 1.71 is reported for DC sputtered thin films [15].
S/Mo ratios between 0.8 and 1.5 are obtained for bipolar pulsed magnetron sputtered MoSy thin
films [45]. According to reference [16], an increasing bias-voltage results in a reduction of the S/Mo ratio
due to resputtering and an enhanced ion bombardment. These effects are most likely to be found in the
resputtering of sulfur since it has a lower atomic mass than molybdenum. Therefore, we attribute an
appearance of selective resputtering of sulfur atoms to the DC sputtered reference sample. The constant
resputtering in case of the direct-current-bias leads to a higher selective resputtering due to the higher
duty cycle compared to the synchronized-pulsed bias of the HiPIMS processes.

The XRD spectra of the MoSy films are shown in Figure 4a,b. Several peaks are observed in the
analyzed 20-range. The diffraction peaks at about 44° and 64° stem from the 100Cr6 substrate, while the
other Bragg peaks are attributed to diffractions from the (002), (100), (101) and (110) planes of MoSx.
The presence of such a number of peaks indicates that the films reveal a polycrystalline structure [46].
Moreover, for MoSx coatings with x > 1.3, the formation of a hexagonal atomic arrangement has the
highest probability [18]. A regular atomic arrangement manifests itself in narrow peak linewidths.
The diffraction peaks of the MoSy films are quite broad. The broadening results from either an increase
in the residual strain, leading to an imperfect crystalline ordering within the films, or a size narrowing
of crystallites formed at the surface [47]. The latter aspect is governed by the Scherrer equation
D = KA/ (B cos 0) which relates the average crystallite size D with the diffraction angle 0, the excitation
wavelength A, the shape factor K = 0.89 and the full width at half maximum (FWHM) denoted by
p [48]. For the (100) peak, the mean crystallite size is given by (9.4 + 1.0) nm.

* Mos, 3 (110) @ |(b) 002,
& Substrate o o
- ID8
S
(=
_ = ~ = e ID7
a s
; * \ * ® P’
= s snlod B[ v, IDS
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Figure 4. (a) XRD spectra of the HiPIMS and DC sputtered MoSy films. (b) Detailed view on the shifts
of the (002)-MoS, Bragg peak.

Due to broadening, the (100) and (101) diffraction peaks of MoSx overlap with each other at about
20 = 33.2°, for most films. The FWHM of the intense (100) peak is shown in Figure 5a as function of
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the deposition parameters. A considerable decrease in the FWHM is observed with increasing the
pulse frequency; the p-value is given by 0.0092 (see Table 2). For instance, the FWHM of the (100) peak
of ID6 (400 Hz) amounts to 1.03° + 0.05°, while it is 0.86° + 0.04° for ID7 (1000 Hz). An enhanced pulse
frequency in a HiPIMS film synthetization is connected to the transfer of a large number of atoms
with high kinetic energies to the sample. During the nucleation process of these mobile atoms they
lose energy in a specific time. Changing the pulse frequency alters the dynamics including atomic
collisions and the energy dissipation of the atoms at the surface. For a high pulse frequency, a large
number, i.e., a sea of high-kinetic Mo and S atoms is present at the surface. In this collective state
the atoms take such lattice positions that the surface energy is minimized [49]. As a result, the atoms
form a quite crystalline lattice which is indicated by a small XRD-peak FWHM. In turn, the increase
in the substrate temperature gives rise to a narrowing of the (100) peak. Moreover, the high kinetic
energy and mobility of the Mo and S atoms at the surface may result in a reduced internal strain and,
respectively, in the formation of large-sized crystallites. In particular, the former aspect agrees with the
observation that, for a high substrate temperature, the stoichiometry ratio of x = 2 for MoSy is realized.
This is assigned to a high surface diffusion during the growth process, and to a relaxation of strain
within the MoS, film.

1.
ID¢
@ 14.04® 2.
— — ID
o, A = C
s o g 138 )
= 2 <ID8 *1D5
E é 13.61 1Doe1D4 @ D9
) ID8 DI ID5 9 A e IDI
g D2 [D S 13.41
2 0.9 g
= D! <
g D4 A g 1321
= D3 S =
0.8 13.04 D2
0 1 2 3 4 5 6 PulkW] 0 1 2 3 4 5 6
0 50 100 150 200 250 300 Usl-VI g 50 100 150 200 250 300
04 06 08 0 m‘: u‘u : :
50 100 150 200 250 tp [ns] 50 100 150 200 250

Figure 5. Dependence of the (a) (100)-XRD-peak full width at half maximum (FWHM) and (b) (002)-peak
position on the heating power Py; and bias-voltage Ug, for fp = 0.7 kHz and ¢, = 150 ps, as well as the
pulse frequency f;, and pulse duration fp, for Py =3 kW and Ug = —150 V. In (b) the absolute error
does not exceed the symbol size.

By comparison, the (002) peak shows a wide broadening in most of the MoSy films, see Figure 5b.
For an increasing bias-voltage, for example, the diffraction peak changes from a symmetric, pronounced
profile (ID4) to a weak (ID1) and negligible (ID5) shape. The (002) peak indicates the presence of a
well-stacked layered structure along the (002) crystal direction [50]. The shift in the position of the
(002) peak (see Figure 5b) is attributed to a change in the distance between the atomic layers along the
(002) stacking. Since the Bragg diffraction angle is inversely proportional to the distance, the distance
between the stacked layers is enlarged for ID2 (20 = 13.07° + 0.01°) and ID4, while it becomes smaller,
in particular for ID3 (20 = 14.04° + 0.02°). An increase in the heating power, as indicated by a
large positive t-value for the substrate temperature in Table 2, causes a shift of the (002) peak to
large diffraction angles: the spacing between the layers along the (002) direction becomes smaller.
Since a high heating power or high substrate temperature significantly drives the S/Mo ratio towards 2,
fewer sulfur atoms are arranged within the layers so that the interlayer spacing is reduced.

Considering the intensities of the (002) and (100) peaks, we see that the (100)/(002) intensity ratio
differs strongly among the MoSy films. For the samples ID9, ID7 and ID5 the ratio is large, see Table 1;
thus, these films are predominantly (100)-oriented. The XRD patterns of the other films are contributed
by the (101) peak and a broad (002) peak which furthermore shifts in its position. Interestingly, neither
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the surface roughness nor the coating thickness can be correlated to the preferential film orientation
along the (100) direction.

The inelastic light-scattering spectra of the different MoSx HiPIMS coatings and of a mechanically
exfoliated MoS, monolayer are shown in Figure 6. In panel (a) the disorder-induced acoustic-phonon
lines at about 150, 180 and 230 cm™! are depicted [51], while in panel (b) the Eég Raman mode at
about 376 cm™!, the Ajg mode at about 405 cm™!, and the weak 2LA(M) mode at about 450 cm™!
are observed [52].
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Figure 6. Inelastic light scattering spectra of the MoSy films and a mechanically exfoliated MoS,
monolayer (ML). In (a) the acoustic phonon modes at about 180 cm~! and in (b) the optical phonon
modes at about 390 cm~! are depicted. The laser line at 0 cm™! is shown exemplarily in the spectrum of
the DC sputtered film. These Stokes scattered lines were collected with an integration time of 100 s.
Each film was studied at three different surface positions. The spectrum of the monolayer (ML) is
multiplied by 1/100.

In comparison to the mean spectral positions of the Ajg and E%g modes indicated by the vertical
dashed lines in Figure 6b, the modes shift to lower frequencies for ID3 and, in particular, to higher
frequencies for ID2. The main difference between these HiPIMS films is the different heating powers
used. The low- (high-)frequency shift occurs for the MoSy film grown by a high (low) heating power.
In turn, this correlation can be transferred to the substrate temperature. The E; . (A1g) phonon mode
describes an in-plane (out-of-plane) vibration of Mo and S atoms [53]. The scattering frequency
is generally connected via AE o« VIW/ (l \/ﬁ) to the bonding length [ and the interaction strength
W between the atoms with effective mass m. Based on the frequency shifts, we assume that with
increasing heating power or, respectively, substrate temperature, the bonding become longer and,
in turn, the coupling strength decreases. It is in agreement with the behavior that at a high temperature
and, respectively, large thermal energy, the lattice becomes relaxed. The relaxation results in a bond
length adjustment/adaption with respect to the equilibrium (electrostatic) atomic positions. Since these
lattice vibrations are not connected to the interlayer spacings, the inelastic light scattering results shall
not be brought into relation to the XRD results concerning the (002) diffraction peak.

The linewidths of the optical phonon modes at about 390 cm™! and the acoustic phonons at
about 180 cm™! are broad for all films studied. They are broader than the typically observed lines
in MoS, layered structures or bulk crystals [36,54] and in HiPIMS MoSy films [36,54]. On the one
hand, the broadening may be assigned to a non-uniform stoichiometric ratio of the Mo and S atoms.
The variation in the coordination and termination of the bonding thus increases the dispersion of
the scattering frequencies. On the other hand, the line broadening may be related to the degree of
non-single crystallinity of the MoSy coatings. Accordingly, the bonds between the Mo and S atoms
have different lengths and coupling strengths.
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For ID1, ID2 and ID9 (see Figure 6a) the acoustic phonon modes are quite pronounced. They were
grown at the low and central heating power or, respectively, at large pulse duration. We assume that the
slight sharpening of the acoustic phonon modes indicates a reduced inhomogeneity in the structural
composition of the HiPIMS coatings. The lattice could be arranged in a slightly more uniform way and
the spatial distribution of the crystallite sizes may be more homogeneous. This assumption would
agree with the aforementioned characterization results for the respective MoSy films.

In comparison to the scattering spectrum of the MoS; monolayer (see the orange curve in Figure 6)
the optical phonon modes are shifted—to low frequencies on the whole. Actually, for micrometer-thin
MoS; layers, the E; . (A1g) Raman line shifts to lower (higher) frequencies, so that the spectral distance
between the peaks enlarges [54]. Here, both Raman lines shift however to low frequencies. This behavior
is probably due to the adsorption of nitrogen since a surface coverage of about 10% nitrogen yields a
shift of about =7 cm™! of both lines [55].

3.2. Mechanical and Tribological Properties

The hardness and Young’s modulus are also studied in dependence on the HiPIMS deposition
parameters. In Figure 7 the hardness of the different MoSy films are shown as functions of the heating
power, bias-voltage, pulse frequency and duration. Since Young’s modulus behaves similarly, it is not
graphically demonstrated. Table 3 lists the hardness H and elastic modulus E values as well as their
ratios, which only slightly differ from each other. A clear dependence of the hardness on the heating
power and pulse frequency is indicated in Figure 7. The hardness of the MoS films is enhanced
from less than 0.5 to 2 GPa by lowering the heating power/substrate temperature and pulse frequency.
In detail, the hardness of the films varies between (0.3 = 0.1) GPa, for ID7, and (2.2 + 0.1) GPa, for ID6.
The Young’s modulus varies between (31.5 + 4.2) GPa for ID7, and (90.3 + 8.6) GPa for ID6. Accordingly,
the H/E ratio of the coatings ranges between 0.010 and 0.025. For direct-current unbalanced magnetron
sputtered MoS; thin films, an increase in the hardness was related to a low substrate temperature [56],
and hardness (Young’s modulus) values between 0.2 (15.6 GPa) [23] and 2.0 GPa (51.1 GPa) [56]
were reported.
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Figure 7. Dependence of the hardness of the HiPIMS MoSy films on the heating power Py and
bias-voltage Ug, for fp = 0.7 kHz and t, = 150 ps, as well as the pulse frequency f}, and pulse duration
tp, for Py =3 kW and Ug = -150 V.
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Table 3. Mechanical properties (hardness H and Young’s modulus E) and friction coefficient u of the
MoSy films using the uncoated or MoSx-coated 100Cr6 counter body (cb).

H E . u u

D (GPa) (GPa) H/ERatio 00 6ch  MoS, cb

DC  04+01 337+31 0012+0001 005+001 010003
1 07+01 509+34 00130001 0134001  0.14 +0.02
2 20402 788+88 002540004 012+002 011001
3 05+01 41.6+39 00130001 0154005  0.18 +0.08
4 04+01 286+26 00120001 0164003  0.14 +0.03
5 07+01 474+69 001540001 010+002  0.09+0.01
6 20+01 903+86 0024+0002 0104002  0.10 +0.02
7 03+01 315+42 00100001 0134002 0.3 +0.02
8 09+01 601+72 001540002 011+002  0.10+0.02
9 04+01 399+29 001120001 0114002 012 +0.03

The elastic modulus and, in turn, the hardness of a polar covalent material depends merely on
the ionicity and bonding length [57]. MoS, is a polar covalent material, since the difference between
the electronegativities of Mo with Xy, = 2.16 and S with Xg = 2.58 exceeds 0.4, for a single bonding.

The ionicity I is proportional to 1 —exp [—W] ; for the hardness, the relation H o exp(~1.21) /1>
was evaluated [57]. A small ionicity, given for a small electronegativity difference, leads to a large
hardness value assuming that the bonding length ! remains constant. This is in agreement with the
fact that covalent bonds typically have a higher hardness than ionic bonds [58]. For the MoSy films,
the stoichiometry ratio S/Mo is often larger than 2. Thus, the larger number of sulfur atoms polarize
the Mo-S bonding more strongly, endowing the molybdenum atoms with more positive charge than
the sulfur atoms, and both the electronegativity difference as well as I increase. As a result, most of
the MoSy films studied exhibit small hardness values. Only the thin films ID2 and ID6 deviate from
this observation. The ID2 film was grown at a low substrate temperature and, on basis of the Raman
scattering results, the Mo-S bonding length ! is short. Since the hardness scales with 72, the distance
shortening between the Mo and S atoms plays an important role for this coating. For ID6, the presence
of small crystallites has been deduced from the XRD data. Small crystallites with sizes in the 10 nm
range lead to a high elastic stiffness and hardness in accordance with the Hall-Petch strengthening [59].

The friction coefficients of the thin films were obtained by ball-on-disc experiments in order to
analyze the influence of the HiPIMS deposition parameters on the suitability of the MoSy coatings for
tribological applications. The friction coefficients of the reference DC and HiPIMS MoSy films are listed
in Table 3. The friction coefficients of the different films do not differ significantly from each other using
the uncoated or MoSy-coated 100Cr6 counter body. The friction coefficient y differs from 0.10 + 0.02
(ID5) to 0.16 + 0.03 (ID4) using the uncoated counter body, while u changes between 0.09 + 0.01 (ID5)
and 0.16 + 0.05 (ID3), for the coated counter body. The lowest friction coefficient is shown by ID5.
In comparison to that, for the DC sputtered reference film the friction coefficients amount to only
0.05 + 0.1 against 100Cr6 and 0.10 + 0.03 against MoSx. For magnetron sputtered MoS, films, friction
coefficients ranging between 0.11 and 0.22 are typically reported [22,56]. The friction coefficient is
strongly influenced by the chemical composition and hardness of the coatings [18]. According to
Aubert et al. the minimum friction coefficient could be obtained for S/Mo ratios between 1.5 and 1.6 [18].
The low friction coefficient may be ascribed to the basal (002) orientation within the MoS film [20,36].

Taking exemplarily film ID5 into account, linear correlations between the coefficient of friction and
the most significant structural properties are calculated and displayed in Figure 8. The properties are
given by the (100)/(002) XRD-peak intensity ratio (p = 0.0001, ¢ = —17.26), the XRD-(100)-peak FWHM
(p = 0.0001, t = —15.48), the hardness (p = 0.0025, t = —6.74) and the S/Mo ratio (p = 0.0057, t = —5.41).
An increase in the (100)/(002) intensity ratio, the (100)-peak FWHM and the S/Mo ratio, and a decrease
in the hardness is related to a reduction in the friction coefficient. These linear correlations indicate
that the friction coefficient depends on several structural and mechanical properties of the MoS film.
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Moreover, the dependences on the FWHM and S/Mo ratio agree with the experimentally obtained data
that, for a high substrate temperature and/or pulse frequency, an XRD line narrowing and a shift of the
S/Mo ratio towards 2 are achieved. It is attributed to decreasing the degree of inhomogeneity within
the MoSy material. Accordingly, for a more homogeneous structure, the resistance against, for instance,
shear forces is enhanced so that the coefficient of friction rises.
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Figure 8. Impacts of significant film properties, (a,b), as well as XRD characteristics, (c,d), on the
friction coefficient of the MoSy films, with the uncoated 100Cr6 counter body. The values marked by
the red dashed lines belong to ID5.

The correlation p < (100)/(200) (see Figure 8c) shows that a higher intensity of the (002) XRD peak
compared to that of the (100) peak, corresponding to a lower (100)/(002) intensity ratio, causes an increase
in the friction coefficient. This is contrary to published studies. Generally, a small friction coefficient is
observed for magnetron sputtered films showing a basal (002) orientation [36,60]. Didziulis et al. [61]
worked out that only the initial friction coefficient depends on the film orientation, since the basal
orientation is formed during the tribological contacts and can lead to even lower friction values than
a film with initial basal (002) orientation. Concerning the HiPIMS films, a low averaged friction
coefficient is achieved for films with a high initial (100) orientation. Accordingly, it seems that, also,
the dense microstructure of the HiPIMS films allows tribologically stressed surface areas to change their
orientation along the basal (002) direction, as shown in a previous study [37]. Furthermore, an initial
(100)-orientation may enhance this process.

4. Conclusions

In summary, the coatings grown by the HiPIMS method demonstrate a fine and dense topography
in comparison to the DC sputtered MoSy film. For a high bias-voltage and low heating power, a reduction
in the structural inhomogeneity is observed. A high bias-voltage further causes a narrowing of the MoSx
film thickness probably due to a resputtering process. A weak heating power leads to a shortening of the
Mo-S bonding lengths and an enhancement in the interatomic coupling, for in-plane and out-of-plane
lattice vibrations. Increasing the heating power shifts the stoichiometric S/Mo ratio towards 2 which
may be attributed to a high surface diffusion during the growth process. A high substrate temperature
also gives rise to a reduction in the interlayer spacing along the (002) direction of the polycrystalline
MoSy films. The broadening of the phonon modes in the scattered light spectra underlines the
non-uniform stoichiometric ratio of the Mo and S atoms and the polycrystalline character of the HiPIMS
coatings, which is also demonstrated by the XRD measurements. The XRD data additionally reveal
that a high pulse frequency and substrate temperature are related to a diffraction line narrowing.
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From the microscopic point of view, changing the pulse frequency alters the dynamics including atomic
collisions and the energy dissipation of the atoms at the surface. A large number of high-kinetic Mo
and S atoms are present at the surface, and the atoms take such lattice positions that the surface energy
is minimized. In this collective state a self-organized growth process occurs, like for nanocomposite
films [62], so that large crystallites are formed at the surface thus reducing the internal strain. For large
pulse frequencies, thick MoSy films are grown which are characterized by a reduced densification.
Temporally narrow pulses create smooth surfaces of the MoSx coatings with mean roughness values
of less than 15 nm. In comparison to that, the DC sputtered reference sample demonstrates a coarse
structure and large thickness.

With respect to the mechanical and tribological properties, it is shown that the hardness of the
MoSy films is enhanced from about 0.5 to 2 GPa by lowering the heating power/substrate temperature
and pulse frequency. For the films with the highest hardness values it is proposed that the Mo-5
bonding length is short and that small-sized crystallites at the surface lead to a high elastic stiffness.
The friction coefficients of the HiPIMS films ranging from 0.10 to 0.16 are not significantly affected
by the deposition parameters. However, an impact is deduced from specific coating properties,
i.e., the (100/002)-XRD-peak intensity ratio, (100)-XRD-peak linewidth, hardness and S/Mo ratio. It is
proposed that, for a more homogeneous structure, the resistance against shear forces is enhanced
so that the coefficient of the friction is increased. A low averaged friction coefficient is achieved for
films with an initial (100) orientation. Therefore, the dense microstructure of the HiPIMS films allows
tribologically stressed surface areas to change their orientation along the basal (002) direction, and an
initial (100)-orientation may enhance this process.
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