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Abstract: 

Transition-metal-dichalcogenide coatings provide low friction because of characteristic 

low shear strength along the basal plane of the lamellar structure; however, the material 

can easily degrade through exfoliation and poor adhesion to the metallic substrates.  In 

this work, an innovative approach was employed to improve the coating’s adhesion. A 

secondary plasma source was used during deposition to generate an additional charged 

particle flux which was directed to the growing film independently of the magnetron 

cathode. Therefore, Mo-S-N solid lubricant films were deposited by DCMS from a 

single molybdenum disulphide (MoS2) target in a reactive atmosphere. Nitrogen was 

introduced during the deposition with increasing partial pressures, resulting in a high N2 

content in the doped films (37 at. %). The variation in incident ion energy and flux of 

energetic species bombarding the growing film allows for the control of the S/Mo ratio 

through selective re-sputtering of sulphur from the film. The S/Mo ratio was 

progressively increased to the range of 1.2-1.8, having gradient from metallic layer up-

to-the lubricious sulphide. Combining the ion bombardment with nitrogen 

incorporation, cohesive critical load (Lc1) reached 38N, 10 times more than MoS2 

coating. Observation using HRTEM revealed an amorphous structure and strong 

bonding with the substrate. 

 

Keywords: transition metal dichalcogenides; solid lubricant coatings; DC magnetron 

sputtering; Mo-S-N coatings; nitrogen-doped TMD coatings. 

 

 

  



 

 INTRODUCTION 1.

Transition metal dichalcogenides (TMDs): sulphides, selenides or tellurides of 

tungsten or molybdenum are well known for their lubricating properties [1]. Hexagonal 

MoS2 and WS2 are compounds with unique characteristics originating from an extreme 

degree of crystalline anisotropy and, due to this, the TMDs have gained considerable 

attention in the research community for a variety of mechanical, electronic and optical 

applications [2–5]. Despite the greater resistance to high temperature oxidation of WS2 

[6], MoS2 has been more widely studied due to its lower cost and lubricating 

performance in a vacuum and dry atmosphere, Initially, MoS2  coatings were deposited 

by burnishing [7], electrochemical process [8] and plasma vapour deposition [7–12] 

techniques. Following the development of magnetron sputtering techniques, further 

research efforts have been carried out to deposit these coatings with bespoke crystalline 

and chemical properties, which ultimately lead to improvements in the tribological 

performance [10]. However, sputtered MoS2 films exhibit porous morphology which 

reduces their load-bearing capacity, oxidation resistance and adhesion to the substrates 

and adversely affect the mechanical and easy shear properties [13,14]. The possible 

solution to overcome these issues is the addition of a third element to the coatings, 

which can disrupt the crystal structure and the growth of weakly-bound pure 

chalcogenides to enhance the compactness and oxidation resistance. TMD have been 

doped with different metals such as Ti [15–21], Ag [22], Al [19], Co [22], Au [23–25], 

Cr [22], Fe [26], Ni [11,22,25,27], Pb [25,28], Pt [22], Ta [22,29], W [22], Zr [30]. 

Regardless of the beneficial results [20], the industrial implementation of metal doped 

MoS2 coating is limited (e.g., MoST by Teer coatings [20]) due to either the rapid 

oxidation of tribofilms into metal oxides [31] or the detrimental effects of hard metal 

particles (e.g. Ti) abrasion of tribofilms [32]. Moreover, economics do not favour the 

use of metal doping: metal doping requires a minimum of two targets for the PVD 

systems (i.e. one for metal and one for TMDs), consequently, increasing costs for the 

processing and development.  

Alternatively, Non-metal doping (e.g. N and C) has attracted both researchers and 

industry. Carbon introduction in TMDs was first reported by Voevodin et.al. [33]. To 

deposit TMD-C coatings using only one cathode, the carbon incorporation was achieved 



by reactive sputtering, with precursor gases such as CH4 or C2H2. In such cases, 

hydrogen can react with the chalcogen not only changing the stoichiometry of MoS2 but 

also acts as a contamination source [34]. 

Nitrogen doping, on the other hand, has been rarely explored but seems a promising 

strategy for changing the structure of the coatings. With the use of only one cathode 

(with the TMD target) allows reducing the production complexity and costs, providing 

the advantage of avoiding the contamination by other elements (no precursor gas) [35].  

Moreover, when compared to carbon, a small amount of nitrogen can be sufficient to 

achieve a dense amorphous coating, further reducing the operating costs [36]. In order 

to grow mechanically stable coatings, it is important to prevent the easily sheared 

planes from forming or by reducing the crystallinity of the softer phase. This can easily 

be achieved by nitrogen doping [37]. Mutafov et al. [38] reported that magnetron 

sputtered amorphous W-S-N films exhibit a low coefficient of friction (COF) high 

load-bearing capacity and good wear resistance. The atomic level structure and 

bonding arrangements in amorphous W-S-N have been described by Isaeva et. al. [36]. 

They also reported that, during sliding, nitrogen is released from the contact zone in a 

gaseous form (e.g. N2, NO2) without disturbing the formation of tribofilms. Zhang et. 

al. [31] reported that the incorporation of a small amount of nitrogen into MoS2 

sputtered films produced a nanocomposite structure, increasing the hardness and 

reducing the wear. Similar works were also reported by Nossa et. al. [39].  

Until now, most of the studies on the TMD-N (in particular Mo-S-N) systems were 

performed for a stationary substrate holder placed in front of the target; the effect of 

rotating the substrate holder for industrial purpose is still unexplored.  Also, as per 

literature, the desired amorphous phase was achieved at the cost of a high nitrogen 

doping and consequent sub-stoichiometry of the TMDs. Therefore, further studies are 

required to overcome chalcogen atom depletion with nitrogen additions. Another 

important shortcoming in TMD-N coatings is the lack of adhesion to the substrates, 

even after the use of metallic interlayers. All previous works report the use of  Ti or Cr 

interlayers for adhesion improvement [40–42], with Ti being a more suitable option 

[20]. Nonetheless, Nossa et. al. [43] showed that spalling occurred between the 

films and Ti interlayer during the scratch test, preventing the substrate exposure. 

Besides, TiN was also used as interlayer which resulted in an improved adhesion 

over Ti, due to a good interface bonding between TiN and Mo-S-N coatings [41]. 



However, the drawback is the associated cost increments due to the use of an 

additional Ti target sputtering. 

This study is aimed to counter all these issues for TMD-N coatings by 

depositing those using DCMS. To our knowledge, this is the first time that DC 

magnetron sputtering has been used for depositing Mo-S-N coatings. Here, only one 

MoS2 target was used to decrease the operating costs. An alternative to traditional 

metallic interlayers for enhancing the adhesion was the use of a novel N-doped 

metal-rich Mo-S-N layer, instead of Ti or Cr, avoiding the use of a second cathode. 

An additional plasma source was used to adjust the ion to neutral ratio during film 

growth, providing control over the coating morphology and S/Mo ratio. The 

achievement of a good coating integrity, as well as a high S/Mo ratio, is sought in 

order to make coatings capable of providing enhanced sliding performances. The 

deposition was followed by a detailed characterization of the coatings with respect 

to composition, morphology, structure and chemical bonding.  

 

 EXPERIMENTAL DETAILS 2.

Mo-S-N films were deposited on polished Si (100) wafers and polished M2 steel 

(Ø25 mm x 6 mm, hardness of 62 HRC) substrates in a balanced DC magnetron 

sputtering configuration, using a custom-built TSD 400 semi-industrial plasma 

vapour deposition machine. The chamber was equipped with a single cathode and 

an additional independent plasma source, facing the substrate. The additional 

secondary plasma source serves the following function; (i) it creates a low argon 

pressure plasma which is used to etch the steel substrates, (ii) during the coating 

process, it is used to vary the ion to neutral ratio coming to the substrates, (iii) the 

plasma density or current density can be tuned at the substrate by adjusting the 

plasma source power. For the current process, the plasma source power was kept 

constant for all the deposition steps. Sintered molybdenum disulphide MoS2 450 

mm x 150 mm x 5 mm (99.5 % purity) target was sputtered in N and Ar (99.99 % 

purity) gas atmosphere. The substrates were placed over a planetary (double 

rotation) substrate holder rotating at a speed of 5 rpm. Prior to deposition, the 

chamber and substrates were heated to 150 °C for 5 hours with consequent 

pumping to the base pressure of ~10
-4

 Pa, to remove any moisture and adsorbed 



contaminants. The top view schematic diagram of the deposition chamber is shown 

in figure 1. 

 

 

Figure 1: Schematic setup of the TSD 400 PVD chamber (Top view). 

 

Substrate etching was performed with Ar
+
 ions bombardment by applying -150 V at 

0.3 Pa using the additional plasma source, for 60 minutes, while the target was sputtered- 

cleaned for 7 minutes by applying 1000W DC power. The first step in the coating recipe 

was the deposition of ‘novel gradient layers’, which took 20 minutes. Here, the Mo rich layer 

was deposited by intense ion bombardment of the growing film with Ar
+
 ions resulting in 

preferential resputtering of S atoms. This was done to obtain good metal-metal bonding with 

the steel substrate followed by the introduction of nitrogen in the presence of high ion energy 

and ion bombardment from the additional plasma source, to achieve nitrides containing 

sulphur. Then, progressively, the ion energy was decreased to incorporate more sulphur. After 

20 minutes, the final coating was deposited in such a way that nitrogen would be already 

present within the coatings and plasma trying to prevent lamellar MoS2 formation During the 

deposition of Mo-S-N films, the Ar gas flow was kept constant at 70 sccm whereas the N2 gas 

flow was varied between 0-60 sccm (Table-1) to achieve different N content in the coatings; 

the process pressure ranged from 0.45 to 0.70 Pa. The rotating substrates underwent 

alternating exposure to the cathode (target) and ion bombardment from the additional 



secondary plasma source. The coatings were deposited at 1000 W DC power applied to 

the target. A negative pulsed DC substrate bias of 50 V was applied during the 

deposition to enhance the compactness. The pulse conditions were set at 250 kHz of 

frequency, 950 ns of duration (76.25% duty cycle). The target to substrate distance was 

100 mm. The total deposition time was 2 hours in the N2 reactive atmosphere. This 

deposition time was selected to yield a final coating thickness of 1.2-3 microns as 

shown in figure 2. 

 

 

Figure 2: Schematic representation of the layer structure and thickness. 

 

Coating´s integrity or adhesion on the M2 steel substrates (Ø25 mm x 6 mm) 

was evaluated by scratch-testing (CSM Revetest). The specimens were scratched as the 

normal force was progressively increased from 5 to 80 N, using a Rockwell indenter (tip 

radius = 0.2 mm) at a scratch speed of 10 mm/min and a loading rate of 100 N/min. 

Three tests were done on each sample to confirm the critical load. Later, the critical 

adhesion loads were determined by analysing scratches by optical and scanning electron 

microscopies, based on the report of Camino et al. [44]. The chemical composition of 

the coatings was determined by wavelength dispersive spectroscopy, WDS (Oxford 

Instruments). 

Spectroscopic studies of plasma-chemistry and element specific plasma imaging 

were performed to study the re-sputtering effect of Sulphur from the substrate. A quartz 

window (transmittance cut-off ~ 180 nm) was arranged with a view parallel to the 

substrate surface and perpendicular to the substrate–plasma source (i.e. magnetron and 

secondary plasma source) axis, capturing light emitted from the plasma region between 

the plasma source and the substrate location. For spectral line recording, the fibre optic 

spectrometer (AVS-S2000) accepts light energy transmitted through single-strand 

optical fibre and disperses it via a fixed grating across the linear CCD array detector. 



The obtained spectral intensities versus wavelengths are processed using SpectraWIN 

BASIC 5.0 software. The monochromator provides ~ 0.1 nm resolution of spectral 

bands collected over a 300–1000 nm range.  The peak intensity corresponding to the 

wavelength of 550 nm is considered for Sulphur and 811 nm for argon which 

corresponds to the single ionized states of each element. 

X-ray photoelectron spectroscopy (XPS) was used for chemical bonding analysis. 

The samples were analysed in a KratosAxis Ultra HAS equipment with monochromatic 

Al Kα X-beams (hν = 1486.6 eV). The power of the X-beam source was set to 90 W 

and a charge neutralizer was utilized during estimations. The survey spectra were gotten 

by setting the pass energy at 80 eV with a step of 1 eV and a dwell time of 200 ms. The 

high-resolution spectra of the regions of interest were acquired utilizing a pass energy of 

40 eV with a step of 0.1 eV and a dwell time of 600 ms. Sputter etching was performed 

utilizing Ar+ ion gun operated at 2.2 keV and current density of 2.2 μA/cm2. The data 

collection and analysis were done at pressures lower than 10
-6

 Pa. The data was 

investigated utilizing the CasaXPS software. The baselines of the spectra were obtained 

utilizing the Shirley strategy and pinnacle fitting was finished utilizing Gaussian-

Lorentzian functions. The surface morphologies, fractured cross-section morphologies 

and the thickness of the coatings were checked by field emission scanning electron 

microscopy-SEM (Zeiss Merlin). Grazing incidence (3°) X-ray diffraction (XRD) 

measurements were performed using an X-Pert Pro MPD diffractometer with Cu Kα1 

(λ=1.54 Å) radiation source.  

The microstructural and high-resolution (HR) TEM imaging was performed using a 

probe corrected Jeol ARM 200F electron microscope operating in STEM mode at 200 

kV acceleration voltage and an image corrected FEI Titan
3
 operating in TEM mode at 

300 kV acceleration voltage. The lamellae were prepared by focused ion beam (FIB) 

using a FEI Helios Nanolab electron microscope. 

 

 RESULTS 3.

3.1 Coating integrity 

The innovative single target deposition coupled with additional secondary plasma 

source offered a remarkable improvement of adhesive strength and coating’s integrity 



without the use of a third element metallic interlayer (such as Ti or Cr). The effect of 

coating architecture (novel gradient layer) on scratch resistance behaviour of pure MoS2 

coating and selected Mo-S-N coating has been shown in Table 1. The coatings 

deposited without the novel gradient layer had a substantially low adhesive failure limit 

while the introduction of the novel gradient layer in the coatings enhanced the adhesion 

failure resistance beyond the tested range. No evidence of delamination or penetration 

through the steel was observed. So, this enhancement is solely related to the strong 

adherence achieved by metal-metal bonding, induced by the deposition procedure. 

 

Table 1: Table representing the cohesive failure limit and adhesive failure limit for pure MoS2 and Mo-S-

N coatings made with and without a novel gradient layer. The adhesive failure limit is beyond the tested 

load. 

Sample Cohesive failure limit 

(Lc1) 

Adhesive failure limit 

Pure MoS2 coating  

without novel gradient layer 

2.9 N 14.9 N 

Pure MoS2 coating with  

novel gradient layer 

3.3 N >80 N 

Mo-S-N  coating  

without novel gradient layer 

1.6 N 22.8 N 

Mo-S-N coating with  

novel gradient layer 

35.1 N >80 N 

 

  



 

  

  

Figure 3:- SEM images of cohesive failures of materials with pure MoS2 and Mo-S-N with and without novel 

gradient layer. (A) Pure MoS2 coating without a novel gradient layer. (B) Pure MoS2 with novel gradient 

layer. (C) Mo-S-N coating without novel gradient layer. (D) Mo-S-N coating with novel gradient layer. 

 

The scratch test tracks were analysed in SEM and are shown in figure 3. It was 

again observed that the novel gradient layer improved the scratch resistance of the 

coating. Large flakes were observed as a result of cohesive cracking in the films 

deposited without the novel gradient layer. Similarly, nitrogen doping further enhanced 

the adhesion and scratch resistance. This improvement for nitrogen-doped coatings, as 

compared to the pure coatings, is attributed to the formation of dense structures that 

prevents delamination or exfoliation of lamella within the coatings, thus increased the 

load-bearing capacity. 

 

A B 
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Figure 4:  Evolution of scratch behaviour Lc1 (cohesive critical load or cohesive failure limit) for pure 

MoS2 and Mo-S-N films with respect to the nitrogen compositions. 

 

Figure 4 shows the effects of nitrogen content on the initial load required for 

cohesive failure (Lc1). As soon as the nitrogen was introduced to the MoS2 coatings, 

there was improvement in the critical load for cohesive failure as said above. In general, 

the increase in nitrogen content increased the failure limit or late appearance of flakes in 

the scratch test. The increase was almost linearly until 24 at. % of nitrogen 

incorporation but, after this, a sudden increase in scratch resistance was observed. This 

sudden increase could be due to enhanced amorphousness (or nanocomposite structure) 

of the coatings, which eliminates the presence of any laminar crystals, thus avoiding 

cohesive failures. So, as expected, the nitrogen content and the novel gradient layers 

have played a major role in the enhancement of the cohesive failure resistance and 

provided a good adhesion of these coatings to the substrate without the need of any 

other metallic interlayer (or the use of a second target).  

In order to investigate in depth the mechanisms behind this high stability and the 

scratch resistance of the deposited coatings, cross-sectional analysis was performed for 

one of the nitrogen-doped films deposited with the novel gradient layer. 



Figure 5 shows HR-TEM images at the substrate interface. A 10 nm thick Mo 

film followed by an ultrathin multilayer system with a periodicity of 5 nm was 

observed. The structural analysis showed that the first Mo layer forms the base for the 

growth of a nanocomposite MoN multilayer. The layer structure formation is caused by 

the planetary motion of the substrate holder and the alternative exposure to the 

magnetron cathode and the plasma source providing mainly argon and nitrogen ions, 

respectively. 

 

 

Figure 5: (Left) Microstructure of novel gradient layers from an as-deposited coating cross-section. 

(Right) The first layer Mo over steel making metal-metal bonding with Fe; delivers improved adhesion. 

Preferential resputtering of sulphur had caused this layer to be sub-stoichiometry (S/Mo=approx. 0.3). 

 

Epitaxial stacking between Fe and Mo was observed along the substrate 

interface, as a result of a small lattice mismatch (7.3%) between the two unit cells, 

causing defect-free coherent crystal growth in large areas of the substrate. The first Mo 

layer becomes the seed for the formation of a laminar MoN composite. The hexagonal 

MoN provides increased hardness, shear strength and superior adhesion of the film. 

Nitrides are formed by selectively removing sulphur through surface resputtering by 

exposing the substrate to high ion energy (substrate bias) and nitrogen ion bombardment 

(secondary plasma source). As shown in figure 6, the growth direction of Mo followed 

by the MoN-rich composition gradient layer (S deficient) is dependent on the 

orientation of the neighbouring substrate grains; therefore, the novel gradient layer 

Mo 

Steel  

 

MoN  

MoN  

MoN  

Mo 



changes the crystalline direction depending on the substrate interface orientation. In 

order for the Mo bonding layer to withstand the increased mechanical strain and allow 

for plastic deformation without brittle failure under increased loads, coherent interfaces 

are required. Figure 6 show examples of such atomic arrangements which occur as a 

result of the matching crystal structures of Fe, Mo and MoN. 

 

 

Figure 6: (Left) Morphology of the Mo/MoN(S) novel gradient layer. (Right) Epitaxial deposition of Mo 

and MoN on steel substrate; strong substrate interface. 

 

3.2 Chemical Composition and Deposition Rate 

The chemical composition of pure MoS2 and all the Mo-S-N coatings with 

increasing nitrogen composition/content were analysed by wavelength dispersive 

spectroscopy (WDS) as shown in table 2. It was observed that even for the pure MoS2 

coatings (0 at. % N), the S/Mo ratio was less than MoS2 stoichiometric composition 

(S/Mo ~ 2). 

 

 

 

 



Table 2: The chemical composition of all Mo-S-N coatings. The number suffix of sample code indicates 

the nitrogen flow used for a particular test.  

Sample N2 flow 

(sccm) 

Mo (at. %) S (at. %) N (at. %) S/Mo Thickness 

(µm) 

Deposition 

rate (nm/min) 

MoS2(N0) 0 35.4 ± 0.4 63.4 ± 0.5 0 1.79 6.1 51.3 

MoSN10 10 30.8 ± 0.3 48.5 ± 0.3 18.4 ± 0.8 1.57 2.4 20.0 

MoSN20 20 30.5 ± 0.4 43.2 ± 0.4 24.2 ± 0.7 1.42 2.2 18.5 

MoSN30 30 30.2 ± 0.3 40.3 ± 0.3 28.4 ± 0.8 1.33 1.5 12.9 

MoSN40 40 29.0 ± 0.4 39.4 ± 0.6 30.2 ± 0.5 1.36 1.3 11.5 

MoSN50 50 27.9 ± 0.4 34.8 ± 0.4 35.4 ± 0.7 1.26 1.2 10.5 

MoSN60 60 27.3 ± 0.4 34.1 ± 0.4 37.0 ± 0.8 1.25 1.2 10.0 

 

Several physical mechanisms can be involved for sulphur depletion, like 

resputtering by fast reflected neutrals [43,45], resputtering by the ion bombardment [46]  

or even self-desorption of sulphur from the coating surface [47]. Figure 7 represents 

some evidence of preferential resputtering of sulphur studied using optical 

spectroscopy, by collecting the light emissions of the plasma at secondary plasma 

source and target. From 0 V to 100 V, no significant increase in the ratio of intensities 

of sulphur to argon was observed in both cases (between target and substrate, and 

between secondary plasma source and substrate). This could indicate that the 

resputtering effect, due to the ion energy, is absent (0 V to 100 V). On the other hand, 

beyond 100 V, an increase in the emission intensities occurs, showing that the 

resputtering of S from the film becomes intense (as seen between secondary plasma 

source and substrate). Similar behaviour was also observed elsewhere [42]. So, such 

low or almost negligible resputtering at 50 V leads to the conclusion that the sub-

stoichiometry of MoS2(N0) can be better attributed to desorption of sulphur. 



 

Figure 7: Effect of resputtering of sulphur can be observed by optical emission of sulphur atom at 550 nm 

wavelength with respect to ion energy (eV) or substrate bias voltage. The intensity is normalised with Ar 

intensity for consistency. The tests were done with cathode power of 1000 W. 

 

The substrate bias is known to increase the compactness of coatings through the 

re-deposition of atoms in less dense areas. The acceleration voltage also increases ad-

atom mobility [21,48]. The measured S/Mo ratio for pure coating was 1.8 which is a 

higher value when compared to other reported results for pure MoS2 films (S/Mo-1.6) 

[31,49]. This result is tentatively attributed to a highly degassed chamber due to a long 

heating and pumping prior to deposition. This procedure minimizes the presence of 

residual gases, like H2O, which could react to sulphur atoms and, then, decreasing the S 

content of this element in the film. This was further evidenced by a comparative 

experiment performed with just 1 hour of degassing, for which an evident strong smell 

was detected (H2S or SOx) indicating the sulphur reacts with the residual gas. For the 

usual 5 hours of heating prior to deposition, no smell was detected when the opening the 

chamber after the coating deposition, meaning that the chamber is almost free of 

contamination gases (mainly H2O). On the other hand, the oxygen concentration in the 

N-doped and pure MoS2 coatings was low at 0.5-1.5 at. % and up to 4 at. % 

respectively; a factor of ~ 2 lower as when compared to values reported in the literature 

[49]. 



 

Figure 8: Evolution of S/Mo ratio and N content in the films as a function of the partial pressure of 

nitrogen gas. 

 

The increase in the nitrogen flow rate during the deposition and the effect on the 

composition of the coating are shown in Table 2 and Figure 8. The Mo content 

remained nearly unchanged whereas the sulphur content gradually decreased, 

suggesting that nitrogen is replacing sulphur in the Mo-S compound. Overall, the 

minimum value for S/Mo was 1.25 and the (S+N)/Mo ratio was in the range of 2.17-

2.50. These values higher than 2 also shows that nitrogen molecules can be trapped 

between the lamellas of MoS2 as it was reported by Isaeva et. al. [36]. N can also be 

located at interstitial positions in the MoS(N2) compound which causes the formation of 

an amorphous structure.  

 

 

 

 

 



Table 3: Chemical composition of Mo-S-N films with and without the use of secondary plasma source for 

Mo-S-N films with 30 sccm N2 flow. 

Sample Mo (at. %) S (at. %) N (at. 

%) 

O (at. 

%) 

S/Mo Deposition rate 

(nm/min) 

With secondary 

plasma source 

30.2±0.3 40.3±0.3 28.4±0.8 1.1±0.2 1.33 12.9 

Without secondary 

plasma source 

30.7±0.3 48.4±0.4 18.0±0.4 2.9±0.2 1.57 15.8 

 

To understand the influence of the ion bombardment, one of the coatings (Mo-S-

N with 30 sccm flow) was deposited without the use of additional secondary plasma 

source (keeping the other parameters constant) and the results are shown in Table 3. The 

film without the use of additional secondary plasma source had only 18 at. % of 

nitrogen content and S/Mo ratio of 1.57 against the 28 at. % and 1.33, respectively, for 

MoSN30 (30 sccm nitrogen flow); the O content also was higher. This evolution is in 

agreement with the above described influence of the bombardment on the film growth 

promoting the resputtering of lighter elements from the growing film and its 

densification. The bombardment with nitrogen ions can facilitate their sub-plantation in 

the film and the replacement of the re-sputtered sulphur atoms.  

Table 2 shows that MoS2(N0) coating has the highest deposition rate as 

compared to Mo-S-N coatings. The reported deposition rates correspond to the coatings 

without considering the growth of the novel gradient layer. Several factors can 

contribute to this trend as follows: 

(i) With the introduction of nitrogen in the chamber, N2 is mixed with Ar in the plasma, 

decreasing the sputtering efficiency, leading to a reduction of Mo and S sputtering 

yields [50].  

(ii) Nitrogen is being ionized by the secondary plasma source, with the consequent 

increasing bombardment of the growing film. Therefore, the densification of film 

occurs. The bombardment and incorporation of N led to atomic arrangements and the 

removal of pores and voids, as it has been reported in the literature [49]. The 



compaction decreases the film thickness for the same amount of deposited material with 

the consequent decrease in the deposition rate.  

(iii) The ion bombardment of the growing film induces the resputtering of the incoming 

species, decreasing the amount of deposited atoms and the deposition rate.  

 

3.3 Chemical Bonding 

The ion bombardment of the growing film induces the resputtering of the 

incoming species, decreasing the amount of deposited atoms and the deposition rate. 

The character of the chemical bonding between the atoms forming Mo-S-N films was 

studied by XPS and the peak positions were identified using the NIST database[51]. 

The representative XPS Mo3d, S2p, N1s and Mo3p3/2 core level spectra of N 0 at.% (0 

sccm), N 18 at.% (10 sccm), N 28 at.% (30 sccm) and N 35 at.% (50 sccm) are shown 

in figure 9. The XPS spectra have been fitted by Gaussian-Lorentzian curves. The 

relative contents of the various valence states are estimated from the integral area under 

the Gaussian curves. The Mo3d spectrum is fitted to the doublet peaks at 229.0 eV and 

232.4 eV [46], corresponding to MoN bonds with approx. 3.4 eV spin-orbit splitting; 

the 228.3 eV and 231.5 eV peaks with 3.2 eV spin-orbit splitting are corresponding to 

the chemical bonds between Mo and S typical for MoS2, and the doublet peaks at 230.0 

eV and 233.3 eV belongs to Mo-O with 3.3 eV splitting. It can be seen that the MoS2 

contribution is still dominant in the Mo3d spectrum. The Mo-O bond is almost vanished 

indicating that there was no oxidation in the film bulk. The peak at 226.3 eV belongs to 

S2s. The S2p spectrum at 162.0 eV becomes slightly broader and lower intensity from 18 at. 

% (10 sccm) to 35 at. % (50 sccm) due to loss of S element in the film. The N1s 

spectrum partially overlaps with Mo3p3/2 peaks, which is in good agreement with the 

reported in the literature [31,49]. With the increase of N content, the intensity of the N1s 

signal increases. The binding energy of N1s displays a main contribution at 397.5 eV, 

corresponding to N-Mo bonds. N1s XPS peaks are important to understand the Mo-S-N 

compound films because the N-Mo bond peaks increases with the incorporation of 

nitrogen into the coatings and similar results were also observed in other experiments 

[52,53]. From our measurements, we can conclude that, with the increase of N content 

from 0 at. % (0 sccm) to 35 at. % (50 sccm), the relative amount of Mo-N seems to 

increase. Still, there is much more Mo-S present as evident from the intensity of S2s 



peaks at 226.3 eV and also the presence of Mo-S peaks. This is achieved through the 

periodic exposure to N-rich ion bombardment and MoS2 target during the rotation of the 

substrate holder.  

 

 

 

             

Figure 9: XPS spectra from Mo3d, S2p and N1s-Mo3p 3/2 from the Mo-S-N films deposited at 18 at. % N 

(10sccm), 28 at. % N (30 sccm) and 35 at. % N (50 sccm) respectively. 0 sccm refers to pure MoS2 

spectra. 

 

3.4  Fractured Cross-section and Surface Morphology 

Figure 10 shows the fractured cross-section and surface morphologies of the 

deposited coatings. The sputtered pure MoS2 coating displayed highly porous and low 

density cross-section morphology with a large contribution of dendritic growth 

throughout the coating (Figure 10 a). Surface morphology of this coating was in 



accordance with the cross-sectional results and the evidences of dendritic growth were 

clearly visible (Figure 10 b). For Mo-S-N coatings, even with the introduction of the 

lowest amount of nitrogen (18 at. %), the coatings started to become compact and 

displayed columnar morphology (Figure 10 c). The surface morphology micrograph for 

this coating also displayed less porous and sponge-like morphology (Figure 10 d). With 

further nitrogen incorporations, the compactness and density continued to increase, 

while the surface displayed cauliflower like morphology due to surface limited diffusion 

conditions [3,54]. A significant increase in the compactness was observed after 28 at. % 

N addition.  

The thickness of the coatings displayed trends similar to compactness with the 

highest thickness of the MoS2 coating (6.1 µm) decreasing with increasing the nitrogen 

content (as low as 1.2 µm). Despite more atoms being added as compared to the pure 

coating, the substantial thickness decreases are being attributed to the removal of 

porosity and increase of the density and compactness.  

 

 



 

 

 



 

 

 

Figure 10:  SEM micrographs of surface ( a, c, e, g, i, k, m) and cross-section morphologies (b, d, f, h, j, l, n) of 

films deposited with increasing N content of 0 %, 18%, 24%, 28%, 30%, 35% and 37% N respectively. 

 

3.5 Crystal Structure 

The crystallographic structure of Mo-S-N coatings was analysed by grazing incidence 

XRD (GI-XRD) and it is shown in Figure 11. For the pure MoS2 coating, the XRD 

reflections located at 2θ = 14°, 33°, 58°, and 60° indicated that the pattern was similar to 

typical sputtered TMDs (for MoS2- ICDD 00-037-1492). The peak detected at ~14°, 



corresponding to the (002) planes, displayed very weak signals. The broad peak 

observed from 33°-45°, with an extended shoulder, is related to the (100) and (10L) 

planes. These observations were in accordance with the work of Weise et al. [55] who 

for the first time introduced the turbostratic stacking of the (10L) planes (L=1,2,3,4,…).  

The low (002)/ (100) peak intensity ratio is attributed to the deposition rate as it can 

make a considerable effect on the orientation of the crystals in sputtered coatings. (002) 

planes have a high desorption rate if the deposition rate of the coatings is 15 nm/min 

and above. With ~15 nm/min, the deposition rate of second (002) layer becomes higher 

than the desorption rate of the first layer and thus (002) planar growth occurs. Here, the 

deposition rate was much higher (~51 nm/min) which was optimum for the (100) planar 

growth as compared to the (002)  [48,56]. 

Incorporation of nitrogen atoms into the MoS2 coatings, during deposition, led to 

significant changes in their crystal structure. Mo-S-N films with the lowest nitrogen 

content of about 18 at. % showed some vestiges of the presence of (100) and (110) 

planes but the (002) peaks totally disappeared behaving similar to pure coatings. As the 

nitrogen incorporation was increased to 24 at. % and 28 at. % the intensity of (100) 

peak was further reduced. It has been previously reported that nitrogen can either get 

trapped in the basal planes of chalcogenides [57] or can replace the chalcogen atom [58]  

causing short-range disorder in the atomic structure. So, either of the mechanisms might 

be responsible for disrupting the organized growth and structure of MoS2 crystals. Then 

at 30 at. % of N and above, the coatings were completely XRD  amorphous and without 

any evidences of the crystalline MoS2 peaks. Further increments in nitrogen doping 

yielded similar amorphous structures as shown by XRD spectra.  

Overall, the results obtained were in disagreement with the work of Zhang et. 

al. [31] where the amorphousness was observed with 18 at. % of the nitrogen doping. 

This difference is attributed to the deposition approach as in our case; the substrates 

face the MoS2 target alternating with the additional plasma source. This means that 

when the substrates are in-front of the MoS2 target, the nitrogen effect is a bit lower 

and thus the MoS2 crystallinity was observed. As the nitrogen content (or flow) in the 

chamber increases, the freedom for MoS2 to form crystals is hindered and, therefore, 

the coatings become completely amorphous. The tiny peak at 31° on Mo-S-N coating 

(35 at. % N) could correspond to the MoN structure, underneath the coating in the 

interlayer zone as mentioned above, detected due to the lower thickness of the film. 



             

Figure 11:  X-ray diffraction patterns of the coatings. 

 

3.6 Nanostructure 

In order to observe the effects of nitrogen doping on the MoS2 coatings, the 

lamella prepared from three different zones of the selected coating (with 30 at. % N) 

was imaged in cross-section via TEM. Figure 12 shows the obtained HR-TEM 

micrographs. We observed an amorphous nature of the coating, especially towards the 

top of the film with very few traces of the nanocrystalline lamellar MoS2. Towards the 

substrate interface, a combination of amorphous regions and regions with randomly 

oriented MoS2 platelets was observed. The coating was dense (agreeing with SEM 

results) and showed a dendritic nanostructure throughout the thickness of the film. The 

columnar features were shown to be S-rich and hence provided the conditions for the 

localised crystallisation of MoS2 lamellae. These few traces and small sizes were the 

reason that MoS2 crystalline peaks were absent in XRD analysis of this coating. 

 

 



 

Figure 12: Microstructure of the as-deposited Mo-S-N (30 at. % N) film with the corresponding FFT 

patterns are shown in insets. 

 

 DISCUSSIONS 4.

Mo-S-N coatings were deposited by single-target DC magnetron sputtering with 

pulsed DC substrate bias in a planetary rotating semi-industrial machine with an 

additional secondary plasma source. The importance of secondary plasma source was 

well established for the deposition of Mo-S-N coatings to develop a novel deposition 

condition meant for obtaining distinctive properties. The additional secondary plasma 

source serves the following functions; (i) it creates low argon pressure plasma which is 

used to etch the steel. During this etching process, the oxides on the surface are 
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A Mo-S-N amorphous  
A 

B

V

B 

C 



removed from the ion bombardment resulting in the contaminant-free surface promoting 

a better adhesion of the coatings. (ii) During the coating process, it is used to vary the 

ion to neutral ratio of the species arriving to the substrates. (iii) The plasma density or 

current density can be tuned at the substrate by adjusting the plasma source power. With 

the help of this source, the nitrogen content in the coating was also enhanced for any 

particular flow of nitrogen gas into the chamber. Another important step was to obtain a 

highly degassed chamber prior to deposition. Heating at 150 °C for 5 hours along with 

pumping made the chamber free of H2O on either the substrates or over the chamber 

walls. The oxygen content measured in the coatings was very low compared to what 

other researchers found in their coatings (50 % lesser). This semi-industrial PVD 

machine has a large capacity of keeping many samples at a time which will rotate inside 

the chamber passing alternately in front of the target and the additional independent 

secondary plasma source. This allows the deposition process to achieve homogeneity 

over many samples/substrates kept in a single batch. 

In this study, along with the doping of nitrogen with MoS2, an attempt was made to 

improve the coating adhesion to steel substrates which is one of the drawbacks for such 

coatings in industries. Moreover, an innovative strategy is being applied to improve the 

adhesion without the use of any third element metallic interlayer (e.g. Ti or Cr). 

The deposition process started (after heating with pumping and etching) with 

making a metal-metal bonding with steel using the only target of MoS2. A thin Mo rich 

layer was created with high ion energy and high ion bombardment resulting in 

preferential re-sputtering of sulphur from the growing film leaving just a Mo- rich layer. 

Later, nitrogen was introduced which created a MoN (S deficient) layer. Due to the 

alternating between target and secondary plasma source, a multilayer feature made of 

varying nitrogen contents existed, as observed in figure 5. The ion bombardment also 

contributed to further incorporation of nitrogen in the coatings. Following this, the ion 

energy was reduced in order to keep sulphur in the coatings in the presence of nitrogen 

in the plasma. This was made to distort the formation of crystalline MoS2 thus, 

preventing exfoliation/delamination within coatings. The coatings were deposited at -

50V substrate bias for 2 hours after 20 minutes of the novel gradient layer. 

The coating integrity was tested using the scratch test which validates the strategy 

employed to improve the adhesion. For the case of coating with novel gradient layers, 

the adhesion failure limit was beyond the tested range (>80 N). Even the Mo-S-N 



coating without the novel gradient layer showed some increase in the adhesion failure 

limit compared to the pure MoS2 coatings. Alloying with nitrogen and using the novel 

gradient layer, the cohesive failure limit had a 10 fold increase compared to pure MoS2 

coatings (Table 1).Cohesive failures were identified by the initial flaking of the surface. 

The improvement was attributed to the prevention of any exfoliation due to the 

amorphousness of the Mo-S-N coatings. 

The composition of the coatings had a good correlation with the structure. For the 

case of MoS2(N0) coating, the surface and cross-section images presented in Figure 10 

(a and b), revealed a porous morphology. This type of coating morphology showed 

preferential orientation of grains in (100) direction than (002) as seen in figure 11 of 

XRD spectra. The crystalline anisotropy of hexagonal MoS2 contributes to the 

formation of fibrous-needle or platelet-like structures. It is very well known that longer 

grains cause shadowing effect which in-turn can create porosity during the rotation of 

the substrate. 

For the MoSN10 coating (18 at. % of N), a diminution of the size of platelets is 

observed in Figure 10 (c and d). The incorporation of nitrogen provided disorder in the 

atomic structure of Mo and S and triggered a grain refinement process. The observations 

are supported by the XRD analysis presented in Figure 11. The intensity of the 

characteristic (100) peak for MoSN10 coating decreases, which indicated a disruption in 

the nanostructure of the coating when compared to pure MoS2 coating. The presence of 

nanostructure, gave rise to more compact coatings, thus steeply decreasing the thickness 

with nitrogen doping. The decrease in the deposition rate is also due to the decrease of 

the sputtering yield of Mo and S in the reactive atmosphere. This overall leads to a 

decrease in S/Mo ratio due to the incorporation of nitrogen into coatings. As the 

nitrogen ions are bombarding induced by the secondary plasma source, they participate 

in the removal of sulphur atoms and their replacement or get sub-planted in interstitial 

positions in the MoS2 structure. Nitrogen alloying thus induces amorphousness in the 

MoS2 coatings. 

Further addition of nitrogen to 28 at. % (30 sccm N2 flow), results in the formation 

of amorphous and dense coating as well as in the drastic reduction of the XRD peak 

intensity. Figure 10 (g and h) also show less porosity and highly compact coating.  All 

further increase in nitrogen content has led to amorphous coatings which are in good 

agreement with the structure and surface morphology. Thus, nitrogen alloyed coatings 



showed a reduced thickness compared to pure MoS2 coating. Though some sulphur 

atom could have been replaced by nitrogen, a substantial amount of sulphur was still 

retained within the coating even for 37 at. % of N (MoSN60 coating). In this case, the 

minimum S/Mo ratio was observed (1.25).  

To understand the chemical bonding mechanism within the coating, XPS revealed 

quite interesting results. Even for 35 at. % of N (MoSN50 coating) the Mo-S peak 

(228.3 eV) was dominant over Mo-N peak (229.0 eV). Also, the S2s peak at 226.3 eV 

showed the presence of S-S bonds whereas N-N bonds were detected at 397.5 eV. This 

reveals that a good amount of MoS2 compound was formed even for highly doped films. 

The formation of such bonds could be due to the deposition process, to the use of 

alternating magnetron sputtering and secondary plasma source which incorporates 

N/Mo/S  and N (in small quantity), respectively. Thus, a process of deposition of MoS2 

takes place, after bombardment some S is re-sputtered and N is incorporated.  Thereby, 

only some Mo-S bonds are replaced with Mo-N bonds at secondary plasma source. This 

also corroborates with the chemical composition where S/Mo ratio was 1.26. 

The ion bombardment from plasma source also promotes desorption of impurities, 

thereby the C (not shown) and O contents in the coating is found to be reduced in 

comparison to the coating without the use of plasma source as seen in table 2. The 

additional plasma source plays a very crucial role in desorption of impurities, the 

incorporation of nitrogen by bombardment and the reorganises the surface of the coating 

to prevent voids. Therefore, the nitrogen is incorporated into the coating by two means: 

(i) due to the normal sputtering process in reactive mode in nitrogen-containing plasma 

and, (ii) by additional N ion bombardment by the secondary plasma source. Nitrogen 

can either get entrapped between the basal planes [57] or can replace the chalcogen 

atom [58] causing disorder in the atomic placement. Komsa et. al. [59] showed, based 

on theoretical predictions and experiments, that it was possible to dope MoS2 by filling 

the vacancies created by the electron beam with impurity atoms. It was feasible to have 

a MoS2 sheet with S vacancy filled in by an isolated atom of N. Later, Dolui et.al. [60] 

described some possible doping strategies for MoS2 monolayers, using density 

functional theory, by a first substitutional doping at both the Mo and S sites. They 

reported that the best strategy would be to grow S-poor films and, then, filling the 

vacancies with an appropriate atom, such as N. Due to the high formation energy of the 

vacancy, N substitution is energetically favoured since that energy is largely dependent 



on the growth conditions. Based on this work, the highest nitrogen content films is 

achieved by using high ion bombardment with the secondary plasma source,  high S/Mo 

ratio, should have a structure consisting of a Mo-S-N compound with Mo bonded to S 

and N. Such a compound would be amorphous in nature.  

Finally, it is safe to say that at least 30 % nitrogen content can provide a complete 

amorphous structure. Thus, in our case, the structure of Mo-S-N coatings are crystalline 

or nanocrystalline from 0-28 at. % N and changes to amorphous above 28 at.% N. Such 

nitrogen-doped coatings have a high potential for projecting impressive tribological 

properties in vacuum and humid air.  

 

 CONCLUSIONS 5.

In this study, Mo-S-N coatings were deposited using a semi-industrial DC 

magnetron sputtering apparatus with a single target of MoS2 and planetary rotating 

substrate holder on Si (100) and M2 steel substrates. The chemical composition, 

morphology, structure and chemical bonding were studied as a function of the N-

content of Mo-S-N coatings. An innovative novel gradient layer was synthesised to 

improve the adhesion of the coatings with the steel substrates having metal-metal 

bonding (strong bonding). Then, adhesion failure limit beyond the tested range of 80 N 

was achieved with a single MoS2 target and without the need to use any metallic 

interlayers (e.g. Ti or Cr). This simplifies the depositions in the industrial environment 

solving a major industrial issue. The initial Lc1 representing the initial cohesive 

cracking/flaking of the coatings was 38 N for the 28 at. % nitrogen content coating. 

With heating and pumping prior to etching and deposition, it was possible to attain very 

low oxygen content in coatings, less than 1 at. %.  The structure of the coatings changed 

with the incorporation of nitrogen. The coatings with less than 30 at. % N was 

nanocrystalline; for higher contents coatings became XRD amorphous. The morphology 

was increasingly more compact with the incorporation of nitrogen. HRTEM also 

confirmed the presence of amorphism in high N-content coatings. The S/Mo ratio was 

also improved and maintained to 1.25 for the highest N incorporation (37 at. % N). The 

ideal atomic arrangement based on the above results would be that nitrogen was 

incorporated in a ternary compound, such as Mo-S-N, with Mo-N and Mo-S bonds. 

These coatings with enhanced adhesion, high S/Mo ratio, very high compactness and 



low contaminant contents have great potential to show high hardness and other 

interesting mechanical and tribological properties. 
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