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Abstract

The multilayered Mo2N/Ag-SiNx self-lubricant films were designed and deposited using a
DC (Direct Current) magnetron sputtering system under mixed gas atmosphere of N2 and
Ar. The modulation ratio (thickness ratio of Mo2N to Ag-SiNx) was fixed at 2:1, while the
modulation periods (thickness of Mo2N and its adjacent Ag-SiNx layer) were set at 20, 40,
and 60 nm. The results indicated that all multilayer films, regardless of modulation period,
exhibited a combination of face-centered cubic (fcc) and amorphous phases. Specifically,
fcc-Mo2N was detected in the Mo2N layers, while fcc-Ag and amorphous SiNx co-existed
in the Ag-SiNx layers. The multilayered architecture induced residual stress and interface
strengthening, resulting in hardness values exceeding 21 GPa for all films. Compared
to Mo2N and Ag-SiNx monolayer films, the multilayer structure significantly enhanced
tribological properties at room temperature, particularly in terms of wear resistance. The
Mo2N/Ag-SiNx multilayer films exhibit ~25% lower friction than Ag-SiNx, ~3% lower
than Mo2N, and achieve remarkable wear rate reductions of ~71% and ~85% compared to
Ag-SiNx and Mo2N, respectively, demonstrating superior tribological performance. The
synergistic effects of both modulation layers and relative high hardness were key factors
contributing to the enhanced tribological behavior.

Keywords: magnetron sputtering; Mo2N/Ag-SiNx multilayered films; modulation periods;
tribological properties

1. Introduction
With the continual rise in global energy consumption, industries are placing greater em-

phasis on sustained advancements in cost reduction, quality improvement, and efficiency
enhancement [1,2]. Friction and wear present a growing global challenge in mechanics,
leading to massive energy waste and the frequent failure of critical components [3–5], and
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thereby improving the surface tribological properties of complex moving and machin-
ing components has become essential [6–8]. This advancement offers a viable alternative
to traditional lubrication while simultaneously enhancing equipment performance and
extending operational lifespan [9–11].

As a foundational surface engineering strategy, thin-film technology provides a promis-
ing pathway to enhance the tribological performance of critical mechanical components. By
optimizing film composition, structure, and deposition parameters, it enables tailored solu-
tions for reducing friction and improving wear resistance in demanding environments [12].
Owing to their environmental sustainability, high efficiency, and economic viability, hard
films fabricated via magnetron sputtering have emerged as leading materials in the con-
temporary hard film market [13–16]. Among these materials, molybdenum nitride (Mo2N)-
based films stand out due to their excellent mechanical and chemical stability [17–21]. These
films can remarkably form self-lubricating, layered oxides in situ during friction, making
them valuable for industrial applications in tools and molds [22,23]. To further enhance
the friction and wear resistance, these films commonly incorporate soft metals like copper
(Cu) and silver (Ag) [24–27]. These elements facilitate the in situ formation of bimetallic
oxide friction layers during room- and high-temperature sliding, significantly enhancing
self-lubrication across a wide temperature range [28]. Previous studies, such as those by W.
Gulbinski et al., demonstrated that in magnetron-sputtered Mo2N-Ag composites, a Ag
content above 15 at.% promotes the in situ formation of Ag2Mo4O13. This bimetallic oxide
acts as a solid lubricant, significantly improving the tribological performance by lowering
the friction coefficient [29]. The friction and wear behavior of MoN-Ag films was further
investigated by X. Xu et al., who reported a low average friction coefficient of 0.27 at 700 ◦C,
resulting from the in situ generation of lubricious tribofilms [30].

Although Mo2N-based films incorporating soft metals exhibit excellent self-lubricating
performance across a wide temperature range, they are constrained by two major limi-
tations: (i) degradation of mechanical properties (hardness, adhesion) under extreme
conditions, and (ii) uncontrolled formation of layered tribo-phases that compromise wear
resistance [31]. To solve this challenge, the amorphous hard phase/layer was incorporated
into the self-lubricant matrix to avoid the excessive formation of the layered tribo-phases as
well as the drop in hardness [32–36]. For instance, amorphous SiNx is added to the Mo2N-
Ag composite film, and the alloy composition is optimized to produce a material exhibiting
the classic “amorphous-encapsulated nanocrystal” microstructure. This design enables the
controlled release of soft metals while providing protection for the Mo2N matrix [37]. In
addition, the multilayered structural design can also achieve the protection of the lubricat-
ing components through the alternating deposition of amorphous SiNx barrier layer and
Mo2N-Ag lubricating layer, so that the film has a certain continuous lubricant ability under
room-temperature–high-temperature cycle environment [38]. Nevertheless, the previously
mentioned film design fails to mitigate the decline in mechanical properties arising from
the incorporation of soft metals, as these metals do not dissolve within the nitride lattice.
Therefore, the addition of sufficient soft metals can improve the self-lubricant properties of
the film, but it will have a significant attenuation effect on the mechanical properties.

This study aims to solve the above problems through film structure design and com-
position optimization. Therefore, on the basis of the previous research conclusions, this
paper selects the optimized Mo2N film [31] as a modulation layer and the optimized Ag-
SiNx film [39] as another modulation layer. By optimizing the modulation period of the
multilayered film, the synergism effect of both modulation layers is guaranteed to meet
the lubrication performance requirements, and the multilayer film interface effect induced
by the alternating deposition of the modulation layers is used to offset the mechanical
performance attenuation caused by the addition of soft metals. This paper investigates a
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series of Mo2N/Ag-SiNx multilayer films with a fixed modulation ratio of 2:1 and varying
modulation periods. The films were synthesized via magnetron sputtering by alternately
depositing Mo2N and Ag-SiNx layers. Their microstructure, mechanical properties, and
tribological performance were characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), nanoindentation, and a friction and wear test.

2. Experimental Information
2.1. Sample Preparation

The magnetron sputtering system was used to deposit the Mo2N/Ag-SiNx multilayer
films. There are three rectangular cathodes assembled on the chamber wall. The angle
between two adjacent cathodes is 90◦. Mo target, Si target, and Ag target with a purity
of 99.9% are fixed on three independent cathodes, respectively. The size of the cathode is
380 × 175 mm. The cathodes are connected to a DC power supply. The size of the substrate
is 60 × 60 × 4 mm. Polished WC (Tungsten Carbide, adhesion of all deposited specimens
was around 18 N) and Si (100) wafers were used as substrates in the depositions. Before
depositions, the substrates were ultrasonically cleaned in alcohol for 15 min and acetone
for 15 min. WC substrates were used for mechanical and tribological properties evaluation
(hardness, elastic modulus, and tribological assessment), whilst Si substrates were used for
XRD and TEM analyses. The minimum distance between the targets and substrates was set
to 55 mm. Prior to the depositions, the chamber was vacuumed down below 1.0 × 10−4 Pa.
A Mo adhesion layer with thickness 150 nm was firstly deposited under Ar flow of 50 sccm,
in order to improve the adhesion of the films to the substrate. After that, the multilayer
structure was deposited by moving the shutter in the front of Si and Ag target for the Mo2N
layer, in an alternating way for the Ag-SiNx layer, in the presence of a N2 atmosphere. The
multilayered structure was grown by applying a power 1.5, 0.6, and 0.2 kW at the Mo,
Si, and Ag targets, respectively, in all the depositions. The Ar and N2 partial pressures
were 0.38 and 0.12 Pa, corresponding to a total working pressure of 0.5 Pa. The gas mass
flow during the deposition was kept at 70 sccm. Films with different modulation periods
(the thickness of the layer of Mo2N and its adjacent Ag-SiNx) of 20, 40, and 60 nm, with
a fixed modulation ratio (ratio of thickness of Mo2N to Ag-SiNx) of 2:1, were produced
by controlling the sputtering time from the Mo, Ag, and Si targets. The deposition rate of
the Mo2N and Ag-SiNx layers was 0.6 and 0.4 nm/s, respectively. The deposition time of
each modulation layer was calculated by the designed modulation periods. The substrate
one-fold rotation speed was kept at 10 rpm during the deposition. The total thickness of
the as-deposited film was kept at approximately 2 µm. The depositions were performed at
room temperature and were made with the grounded substrate.

2.2. Microstructure and Surface Observation

The crystal structure of the films was characterized by X-ray diffraction using a
Shimazu-6000 (Shimadzu, Kyoto, Japan) with Cu Kα radiation at a pass energy of 160 eV.
Measurements were taken over a 2θ range of 20–80◦, with a step size of 4◦/min. The ele-
mental chemical composition of the reference Mo2N and Ag-SiNx monolayers was analyzed
using an energy-dispersive spectrometer (EDS, Oxford Instruments, Abingdon, UK). The
microstructure was examined using a JEOL JEM-2100F transmission electron microscope
(JEOL, Tokyo, Japan) operating at 200 kV. TEM specimens were first mechanically polished
on both sides with diamond sandpaper until their thickness was reduced to approximately
0.1 mm. A molybdenum ring was then attached to the sample surface to provide support,
and final thinning to electron transparency was achieved using an ion beam milling system
(Gatan 691, Gatan, Pleasanton, CA, USA).
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2.3. Mechanical Properties

Hardness and elastic modulus of the films were investigated using the CPX + NHT2 +
MST nano-indentation system (Anton Paar, Baden, Switzerland), applying a constant load
of 3 mN and a holding time of 10 s. The system was equipped by a Berkovich diamond
indenter. The loading and unloading rates were set at 0.1 mN/s. Measurements were
performed on two distinct areas of each specimen, with fifteen measurements per area.
The film curvature radii were measured using the profilometer (DEKTAK-XT, Bruker,
Ettlingen, Germany), and then the residual stress of the films with different silver content
was calculated based on Stoney’s equation [40]. The Stoney equation assumes a thin,
uniform coating and an elastically deforming substrate, which may overlook local stresses
or multilayer effects. Uncertainty also arises from variations in coating properties such
as elastic modulus and Poisson’s ratio. More accurate residual stress evaluation could be
obtained with techniques like sin2 ψ XRD or complementary wafer curvature analysis,
which were beyond the scope of this study but remain important for future work. A
mask was used to produce a step, and the film thickness was also measured using the
profilometer. An average was calculated from the total of thirty measurements to ensure
accuracy and consistency.

2.4. Tribological Properties

The friction and wear resistance properties at room temperature were evaluated using
a ball-on-disk tribometer (UMT, UMT-2, CETR, Campbell, CA, USA). The tribo-tests were
conducted at a rotational speed of 50 rpm for 30 min, under a normal load of 5 N, using
an alumina ball (9.5 mm diameter) as the counterpart. The relative humidity during the
testing was approximately 30%. The average coefficient of friction was calculated from the
steady-state portion of the friction curve. Raman spectroscopy was performed using an Ar+

laser excitation source in a backscattering optical configuration. Wear track was measured
using 2D profilometry (BRUKER, Dektak-XT, Germany) four times from different zones of
the wear track, and wear rates were calculated using the formula in Ref. [41] (Table 1); the
formula is as follows:

Ws =
C × S
F × L

where Ws—wear rate (mm3·N−1·mm−1)

C—wear mark perimeter (mm);
S—average area of wear track (mm2);
F—normal load (N);
L—sliding distance (mm).

Table 1. Table with summary of experimental parameters.

Parameter Category Experimental Parameters Method/Value

Substrate Material and Size WC (60 × 60 × 4 mm), Si (100)

Deposition Environment Base Pressure <1.0 × 10−4 Pa

Layer Structure Adhesion Layer Mo (150 nm)

Deposition Process

Modulation Period (Λ) 20, 40, 60 nm (Mo2N/Ag-SiNx)
Total Film Thickness ~2 µm
Target Power (Mo/Ag-Si) 1.5 kW/0.2 kW
Sputtering Gas Flow (Ar/N2) 70 sccm (Ar: 0.38 Pa, N2: 0.12 Pa)
Deposition Rate (Mo2N/Ag-SiNx) 0.6 nm/s/0.4 nm/s
Substrate Rotation Speed 10 rpm
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Table 1. Cont.

Parameter Category Experimental Parameters Method/Value

Characterization
X-ray Diffraction (XRD) Shimadzu-6000
Transmission Electron Microscopy (TEM) JEOL JEM-2100F

Mechanical Testing Nanoindentation 3 mN load, Berkovich tip

Tribological Testing Ball-on-disk Test 5 N load, Al2O3 ball (9.5 mm), 50 rpm

3. Results and Discussion
3.1. Microstructure of the Multilayer Films

The elemental composition of the corresponding monolayered Mo2N and Ag–SiNx

films was determined by energy-dispersive X-ray spectroscopy (EDS). Mo2N reference
films: Mo (58.2 at.%), N (40.7 at.%), and O (1.1 at.%). Ag–SiNx films: Ag (16.4 at.%), Si
(39.6 at.%), N (41.3 at.%), and O (2.7 at.%). In our previous study, the monolithic SiNx layer
contained 45.3 at.% Si, 50.5 at.% N, and 4.2 at.% O, so these compositional results are in
good agreement with our previously optimized system [38].

Figure 1 shows the XRD pattern of Mo2N, Ag-SiNx reference films, and Mo2N/Ag-
SiNx multilayer films with different modulation periods (Λ). As can be seen from this
figure, the XRD pattern of the binary Mo2N multilayer film shows six diffraction peaks,
located at 36.4, 42.4, 61.8, 66.8, 73.2, and 77.4◦ in sequence. Except for the diffraction peak
near 69◦ coming from the substrate of silicon wafer, the remaining ones all come from the
as-deposited film. According to JCPDF # 25-1366, these diffraction peaks correspond to
fcc-Mo2N (111), (200), (220), (311), and (222) from low to high angle. But four diffraction
peaks appeared in its enlarged pattern in Figure 1b, among which the diffraction peak
near 69◦ comes from the silicon wafer substrate. According to PDF # 89-3722, the three
diffraction peaks at 39, 45, and 65◦ are all from the fcc-Ag phase, and the corresponding
crystal planes are (111), (200), and (220), respectively. No diffraction peaks of silicon nitride
and other silicon compounds were found in the pattern. As a matter of fact, the result
from the XRD pattern is followed by the ones in our previously published paper [38].
Through the study of the microstructure of this kind of film, it was found that the film
is composed of two phases, fcc-Ag and amorphous a-SiNx, in which Ag nanocrystals
are dispersed in the amorphous matrix [38]. For Mo2N-Ag-SiNx multilayer films with
different Λ, six diffraction peaks appeared in their XRD pattern, which are located in 36.4,
42.4, 61.8, 66.8, 73.2, and 77.4◦ in sequence. With the exception of the diffraction peak
near 69◦, the remaining five peaks can be attributed to the fcc phases of Mo2N and Ag.
The explanations for this situation are as follows: (i) the multilayer film is obtained by
alternating deposition of two modulation layers of Mo2N and Ag-SiNx, so the crystal planes
parallel to the sample surface from the two modulation layers contribute to the overall XRD
pattern of the multilayer film; (ii) the diffraction peaks of fcc-Mo2N and fcc-Ag with the
same crystal plane index are very close, so the diffraction peaks of the two phases with the
same crystal plane index in the multilayer film may overlap with each other, and there is
no obvious diffraction peak separation. In addition, compared with the Mo2N and Ag-SiNx

monolayer films, the diffraction peaks of the Mo2N/Ag-SiNx multilayer film are slightly
offset to the low-angle direction. As for the magnetron-sputtered nitride-based films, such
as TiN [42], the residual stress normally increased by the decrease in the thickness. During
the deposition of multilayer films, due to the alternating deposition of Mo2N and Ag-SiNx

modulation layers, the thickness of the two modulation layers ranges from a few nano-
meters to tens of nano-meters. Therefore, the residual stress of the two modulation layers
is higher than that of the single-layer film. Then it results in the diffraction peak of the
multilayer film shifting toward the low-angle direction. The peak shifts observed were
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minimal and within the expected experimental error range; therefore, the stress values
were potentially unreliable without more advanced analysis.

Figure 1. (a) XRD patterns of the Mo2N, Ag-SiNx reference films, and the Mo2N/Ag-SiNx multi-
layered films with the modulation period of 20, 40, and 60 nm; (b) the enlarged XRD pattern of the
Ag-SiNx reference film.

Moreover, the increase in diffraction peak intensity (particularly for the (111) peak)
with modulation period (Λ) suggests that a larger period improves the alignment of
diffraction planes parallel to the specimen surface.

Figure 2 shows a cross-sectional TEM photo of a Mo2N/Ag-SiNx multilayer film
with a modulation period of 20 nm. A dense cross-sectional microstructure was observed.
Figure 2a shows that the film is composed of two modulation layers deposited alternately, in
which the brighter modulation layer is the Ag-SiNx layer, and the darker is the Mo2N layer.
Its enlarged image is shown in (b), and the interface between the modulation layers is clear.
Within the Ag-SiNx layer, subtle dark spots (as shown in the marked zone in Figure 2b) are
dispersed amidst the brighter regions. Based on the synthesis parameters and in agreement
with previous studies [43], these particles were consistent with Ag nanoparticles. The
thickness of the Ag-SiNx layer is about 7 nm, the thickness of the Mo2N layer is about
13 nm, the thickness ratio of the two layers is about 1:2, and the total thickness of the two
layers is about 20 nm, which is consistent with the results of the film design.

 

Figure 2. The cross-sectional TEM image (a) of the Mo2N/Ag-SiNx multilayered film with a modula-
tion period of 20 nm, and its magnified view (b).

Based on the above experimental results, for the Mo2N/Ag-SiNx multilayer films with
a modulation ratio of 1:2 and different Λ, the interface between the modulation layers is
clear, the Mo2N layer has an fcc structure and is a Mo2N phase, while the Ag-SiNx layer
has two phases coexisting, consisting of fcc-Ag and amorphous SiNx.
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3.2. Mechanical Properties of the Multilayer Films

Figure 3 illustrates the indentation load–displacement curves and hardness of the
Mo2N, Ag-SiNx reference films, and the Mo2N/Ag-SiNx multilayered films with the Λ
of 20, 40, and 60 nm. As shown in Figure 3a, the maximum indentation depth for all
specimens was below 100 nm. Since this depth is less than 10% of the total film thickness
(~2000 nm), substrate effects can be considered negligible. The hardness of monolayered
Mo2N and Ag-SiNx film is approximately 28 and 7 GPa, respectively. The hardness of
multilayered films, regardless of Λ, are all higher than the calculated one. The calculated
one refers to the hardness value estimated using the rule of mixtures. Additionally, the
hardness decreases slightly with the increase of Λ.

Figure 3. The indentation load–displacement curve (a), and hardness (b) of the Mo2N, Ag-SiNx

reference films, and the Mo2N/Ag-SiNx multilayered films with the modulation period of 20, 40,
and 60 nm.

Although coherent strengthening is a primary mechanism for enhancing the mechani-
cal properties of nano-multilayer films, its effect is highly dependent on the modulation
period (Λ) [44]. The observed strengthening is likely the result of a combination of residual
stress, interface barriers, dislocation blocking by the amorphous phase, and the contribu-
tion of nanocrystalline Ag, rather than being dominated by a single factor. For instance,
inserting Ag layer with a thickness of around 4 nm into the TiN matrix could enhance
the hardness, but this kind of enhancement totally disappeared once the size of Ag was
larger than 4 nm, due to the disappearance of the coherent structure of Ag epitaxy growth
with the TiN template [44]. Additionally, the SiNx phase was also reported to possibly
grow epitaxially on the nitride-based template, such as Mo2N, but its critical thickness was
calculated to be less than 1 nm [43]. Since the designed Ag–SiNx layer thicknesses in this
work all exceed the critical thickness required for forming a coherent interface, the hardness
of the multilayers typically follows the rule-of-mixtures model [43], whereby the overall
hardness is primarily governed by the intrinsic hardness of each constituent layer and
their respective volume fractions. The critical thickness for maintaining coherent interfaces
in Ag/SiNx multilayers has been reported to lie in the range of approximately 2–5 nm,
beyond which lattice mismatch and strain accumulation lead to the formation of misfit
dislocations and semi-coherent or incoherent interfaces, thus invalidating coherency-based
strengthening mechanisms [39]. Therefore, the calculated hardness of the multilayered
film, regardless of the modulation periods, is stable at 21 GPa. However, the actual mea-
sured hardness is inconsistent with its value: (i) the actual measured hardness value of the
multilayer film is significantly higher than the calculated result; (ii) The hardness of the
multilayer film gradually decreases with the increase of Λ. The actual measured hardness
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of Mo2N/Ag-SiNx multilayered films with the Λ of 20, 40, and 60 nm is 25 GPa, 23 GPa,
and 21 GPa, respectively.

For the phenomenon of measured hardness higher than the calculated ones, the follow-
ing explanations can be given: (i) Residual stress. The residual stress of the multilayered
film, calculated using the Stoney formula [45], is approximately −1.7 GPa (the negative
value indicates compressive stress). This stress level appears to be relatively unaffected
by the modulation period (Λ). For comparison, the residual stresses of the monolayer
Mo2N and Ag–SiNx films were also measured, yielding values of approximately −1.5 GPa
and −0.4 GPa, respectively. These values are slightly higher than those reported in pre-
vious studies involving RF magnetron sputtering [31,38], which may be attributed to the
higher sputtering power applied in the present work. Notably, all multilayered films pos-
sess higher residual stress than their monolayer counterparts, likely due to the coherency
stresses and interfacial constraints arising from the layered structure [46]. This observation,
which aligns with the noted diffraction peak shifts, points to increased lattice distortion
or interfacial strain in the multilayered architecture. (ii) Interface effect. The alternating
deposition of the two modulation layers results in a clear interface between the adjacent
modulation layers, which hinders the slip of dislocations and ultimately leads to a hardness
that is slightly higher than the value calculated by the mixed rule.

The observed decrease in measured hardness with increasing modulation period
(Λ) can be attributed to two main factors: (i) The interface strengthening effect, as the
hardness measurements were performed using a nanoindenter with a constant load of
3 mN. As Λ increases, the number of interfaces within the indentation depth decreases.
Since interfaces can act as effective barriers to dislocation motion, a higher interface density
enhances hardness, analogous to the Hall–Petch effect observed in grain-refined materials,
where smaller grain (or layer) sizes lead to increased resistance to plastic deformation [47].
Although the mentioned multilayered system does not show a perfect Hall–Petch-type
linearity, the observed trend aligns qualitatively with interface-controlled strengthening
models commonly seen in nanoscale multilayers. (ii) Influence of top-layer thickness and
heterogeneity. Under constant load conditions, the maximum indentation depth remained
below 100 nm. In our multilayer structure, the top layer is Ag–SiNx, which has significantly
lower hardness (~7 GPa) and elastic modulus (~153 GPa) compared to Mo2N (~28 GPa)
and elastic modulus (~160 GPa). With increasing Λ, the Ag–SiNx layer becomes thicker,
reducing the relative contribution of the harder Mo2N layers to the measured response.
This geometric effect, combined with the reduced interface density, contributes to the
overall decrease in apparent hardness. Although a direct Hall–Petch-type (i.e., hardness
∝ 1/

√
Λ) or linear interface-spacing-based correlation is not strictly observed, the trend

supports a qualitative mechanistic linkage between modulation periods. Deviation from
the ideal Hall–Petch relationship may arise from the amorphous Ag–SiNx layer, incoherent
interfaces, and effects of interlayer mixing or interface roughness.

3.3. Tribological Properties of the Multilayer Films

Figure 4 shows the average friction coefficient and wear rate of Mo2N/Ag-SiNx

multilayer films at room temperature with different Λ. As shown in Figure 4a, the average
friction coefficients of Mo2N and Ag-SiNx monolayer films are 0.31 and 0.40, respectively.
The average friction coefficient of Mo2N/Ag-SiNx multilayer films is slightly lower than
that of the two films, but its value is not greatly affected by Λ and is roughly stable at around
0.30. Specifically, the multilayer films exhibit an average friction coefficient of 0.30, which
is approximately 25% lower than that of the Ag-SiNx monolayered film (0.40) and 3.2%
lower than that of the Mo2N monolayered film (0.31). The wear rates of the Mo2N and Ag-
SiNx monolayered films are around 6.3 × 10−6 mm3/N.mm, and 3.2 × 10−6 mm3/N·mm,
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respectively. The wear rate of the multilayer film deposited alternately by Mo2N and
Ag-SiNx is significantly lower than that of the above two monolayer films. Like the average
friction coefficient of the multilayer film, its value is not greatly affected by Λ. The wear
rate of Mo2N/Ag-SiNx multilayer film is roughly stable at 9.2 × 10−7 mm3/N·mm.

Figure 4. Room temperature average coefficient of friction (a) and wear rate (b) of the Mo2N/Ag-SiNx

multilayered films with the modulation period of 20, 40, and 60 nm.

During the friction experiment, the two modulated layers can react with oxygen and
water vapor in the environment and adsorbed substances on the surface of the film under
the action of the grinding pair to generate a complex friction chemical reaction between
the two modulated layers and the friction phase. Studies have shown that even at room
temperature, the Mo2N film can generate the friction phase MoO3 in situ under the action of
the ceramic-based grinding pair [31]. This friction phase has a layered structure, is easy to
slip under the action of shear force, and has a self-lubricating effect [43]. In addition, some
studies have shown that for Mo2N films containing Ag, self-lubricant bimetallic oxides
can be generated under room-temperature friction conditions [29,37]. More importantly,
under the same friction experimental environment as this article, we characterized the
presence of Ag2Mo4O13 [48] in the wear scar of the Mo2N film containing Ag through
Raman spectroscopy.

Figure 5 illustrates the 2D morphology of the wear track from the reference monolay-
ered film and the multilayered film at Λ 20 nm. As shown in Figure 5a, the width of the
wear track from the Ag-SiNx monolayer film exhibits the widest width, with a value of
approximately 1.5 mm. The lowest hardness of the as-deposited film mainly results in it.
The depth of the wear track is around 1 µm. The wear track of the monolayered Mo2N
film shows the different characteristics, compared with the SiNx one. Figure 5b illustrates a
relatively short wear track with a width of about 1.0 mm. The shortened wear track width
is mainly attributed to the high hardness of the as-deposited film. However, the depth of
the wear track seems to be deeper than the one from Figure 5a. The deepest value on the
center of the wear track is almost touched by the total thickness of the as-deposited film.
Additionally, the accumulation of the wear debris is obviously detected on both sides of
the wear track. And a lot of scratches appear on the center of the wear track. The asperities
on the wear track surface were first in contact with the counterpart at the beginning of the
wear test, and then some of them were crushed under the load force and moved along with
the counterpart. Although the self-lubricant tribo-phase of MoO3 was widely reported to be
formed by the tribo-chemical actions, even under the RT tribo-testing conditions [31,38,49],
the hard wear debris still scratches the wear track surface by moving with the counterpart.
Consequently, the wear debris could be continuously generated under the scratching of the
remaining ones, and finally its accumulation on both sides of the wear track. As shown
in Figure 5c, the wear track is shorter than that in Figure 5b, which indicates that the
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alternating use of the Ag-SiNx layer and Mo2N layer can enhance the wear resistance.
Compared with the Ag-SiNx monolayer film, the increased hardness of the multilayered
one results in the shortened width of the wear track. The disappearance of the obvious
debris accumulation on both sides of the wear track is attributed to the decreased depth,
compared with the Mo2N reference one.

 

Figure 5. Two-dimensional wear track of the Ag-SiNx (a), Mo2N (b) monolayered film, and the
multilayered film with the Λ of 20 nm (c).

Figure 6 shows the optical morphology and Raman spectrum of the wear track for the
multilayer film with a 20 nm modulation period. As shown in Figure 6a, fine scratches are
clearly observed on the wear track surface, and some regions appear significantly darker
compared to the as-deposited film. During the wear test, the counterpart contacts the film
surface under an applied load, resulting in material removal and the generation of wear
debris. Some debris is carried away by the counterpart, while harder fragments contribute
to further abrasion, forming the observed fine scratches. In addition to mechanical wear,
tribo-chemical reactions also occur, even at room temperature, due to localized frictional
heating. These reactions, particularly with ambient oxygen or moisture, can lead to the
formation of tribo-oxides or other surface phases. The darker areas on the wear track
are likely attributed to the accumulation of such tribo-phases, which alter the optical
appearance of the worn surface. Figure 6b shows the Raman spectrum obtained from the
wear track surface. The detected Raman peaks correspond to three distinct tribo-phases:
MoO3 [31], SiO2 [50], and Ag2Mo4O13 [51]. These findings are consistent with our previous
study on Mo2N/Ag-SiNx multilayered films with thinner Ag-SiNx layers [38]. Among the
observed peaks, those associated with MoO3 exhibit the highest intensity and quantity,
indicating that the layered MoO3 tribo-phase is the dominant species formed during
sliding. This suggests that MoO3 plays a crucial role in reducing friction and contributes
significantly to the self-lubricating behavior of the multilayer film. The Raman spectra are
used for identification rather than quantitative phase analysis, and the relative intensities
should be interpreted qualitatively.
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Figure 6. (a) The optical morphology of the wear track for the multilayer film with a 20 nm modulation
period and (b) Raman spectrum.

In summary, the synergistic effect of the two lubricating phases yields a superior room-
temperature tribological performance. The multilayer film’s average friction coefficient is
significantly lower than that of the Ag-SiNx monolayer and marginally lower than that
of the Mo2N monolayer. The wear behavior of the Mo2N/Ag–SiNx multilayers differs
markedly from that of the Mo2N monolayer. While the monolayer exhibits continuous crack
propagation and localized delamination, the multilayer architecture modifies the failure
mode. The amorphous SiNx interlayers act as effective crack-arrest and deflection barriers,
while the nanocrystalline Ag phase contributes to stress relaxation within the structure. As
a result, crack propagation is interrupted, and the dominant wear mechanism shifts from
brittle fracture and spallation to more stable processes involving mild abrasion and plastic
deformation. This demonstrates that layer modulation not only enhances hardness but
also improves resistance to catastrophic failure by promoting interface-controlled crack
deflection and energy dissipation.

As for the wear rate of multilayer films, a lower average friction coefficient often means
that the interaction between the grinding pair and the film tends to be relaxed, which also
has a certain improvement effect on wear, to a certain extent. In addition, the wear rate
of the film is also affected by hardness. The film with high hardness maybe reflects its
high capacity of load bearing [52–54]. Although the hardness of the multilayered film
gradually decreases with the modulation period, the wear rate exhibits an independence
on the hardness. The modulation ratio of multilayer films with different Λ is constant at
2:1, and the atomic percentage of each element is relatively constant (see the microstructure
part). It can be considered that the friction phases during the friction process are roughly
similar, and because the hardness of the multilayer film does not change much, the average
friction coefficient and wear rate of the multilayer film are not greatly affected by Λ.

4. Conclusions
Self-lubricating films are crucial for engineering and environmental protection as they

reduce friction without traditional lubricants; thus, enhancing their hardness and wear
resistance without compromising their lubricity has become a key research goal in solid
lubrication. The conclusion mainly includes the following parts:

(i) The multilayered Mo2N/Ag–SiNx self-lubricating films were successfully fabricated
using DC magnetron sputtering with a fixed modulation ratio of 2:1. Varying the
modulation period between 20, 40, and 60 nm resulted in well-defined multilayer
structures, comprising fcc-Mo2N in the Mo2N layers and a combination of fcc-Ag
and amorphous SiNx in the Ag–SiNx layers. The alternating deposition of these
layers introduced residual compressive stress and strong interfacial bonding, which
contributed to the structural stability of the films.
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(ii) The multilayer architecture significantly enhanced the mechanical performance of the
films. All multilayer variants exhibited hardness values exceeding 21 GPa, attributable
to interface strengthening and the residual compressive stress induced by the layered
structure. This represents a marked improvement over the monolayer Mo2N and
Ag–SiNx films.

(iii) The multilayer films demonstrated superior tribological performance at room tem-
perature compared with their monolayer counterparts, particularly in terms of wear
resistance. The improvement was primarily due to the synergistic effect of the modu-
lation layers, the relatively high hardness, and the formation of self-lubricating MoO3

tribo-phases during sliding. These features highlight the potential of the multilayer
Mo2N/Ag–SiNx films for industrial applications, including cutting tools and molds.

Future research will address the limitations of this study. Specifically, systematic
nanoindentation across multiple regions will provide more precise elastic modulus (E)
measurements. The multilayer structure will be characterized in greater detail using
SEM/EDS for elemental mapping and phase contrast imaging. Finally, tribological analysis
will be enhanced with complete friction coefficient curves, quantitative Raman spectroscopy
of wear tracks, and comprehensive SEM to elucidate wear mechanisms.
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