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Titanium nitride and silver (TiN/Ag) composite films exhibited the excellent self-lubricating properties in a wide
temperature range due to the formation of the Ag rich tribolayer in the contact. However, Ag addition usually
reduces the hardness and oxidation resistance properties of the films. In this paper, TiN/Ag/SisN4 composite
films were deposited using RF magnetron co-sputtering system to improve the mechanical and oxidation resis-
tance properties of the TiN/Ag film. XRD and TEM analysis revealed that three-phases could be identified on the
TiN/Ag/SisNy films: face-centered cubic (fcc) TiN, fcc-Ag and amorphous SigN4 phases. The hardness of the TiN/

Ag film increased from ~16 GPa to ~24 GPa for TiN/Ag/SisN4 with 15.3 at.% of Si due to the formation of the
nanocomposite structure. The addition of Si allowed a significant improvement on the oxidation resistance
temperature, and effectively avoiding of Ag diffusion, and thereby contributing the stability of the hardness of
the film after annealing treatment.

1. Introduction

Scientific community and enterprises are seeking for
environmentally-friendly solid lubricating materials to replace tradi-
tional environmentally harmful lubricating oils, to meet the re-
quirements of low friction and wear resistance reduction in tribological
contracts under the severe working conditions is considered as one of the
key scientific point in the field of tribology [1-3].

In the last 20 years, a series of self-lubricant hard films were to work
at wide-range of temperatures based on the design principle of “adaptive
concept” where the tribolayer formed in the contact protects the part
from wear [4,5]. For example, C. Baker et al. [6] synthesized the
Al,03/DLC/Au/MoS; composite films using PVD system and the results
indicated that the lubricant phases of DLC, Au and MoS; could provide
excellent lubricant performances in a wide range of temperatures.
Addition of noble metals (such as Au, Ag, etc.) into transitional metal

nitride-based (TMN) films also allowed excellent self-lubricating prop-
erties. And thereby inducing widely investigation on the TMN based film
containing noble metals [7-9]. Nevertheless, the excessive migration of
the noble metals in the hard nitride-based films through the grain
boundaries at elevated temperatures always led to the premature failure
of the films [10-12]. Therefore, the control of the lubricious noble
metals’ excessive release is the key factor to avoid the premature loss of
lubrication at a wide range of temperatures.

Since S. Veperk [13] reported the nanocomposite structure forma-
tion in the super-hard Ti-Si-N film system synthesized by physics vapor
deposition method and several works have used this concept to improve
the mechanical and thermal stability of different film systems. More
recently, this kind of film structure design was also proposed to reduce
the excessive migration and release of the lubricant phases and/or ele-
ments from the interior of the film [14-25], so that the long-term
lubricant could be achieved due to the microstructure characteristics
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of "nano crystal + amorphous". As a matter of fact, based on the above
principle of film design, a series of MoaN/Cu/SiNx composite thin films
were deposited using magnetron sputtering, and results showed that
SiNy can effectively block the growth of MoyN grains and make the film
exhibit the capsule structure characteristics of "amorphous encapsulated
nanocrystals" and the slow release of lubricating phase Cu in high
temperature environment is realized and the films has the capability of
temperature cycling service [26]. On the other hand, studies concerning
the ability of the Ti-Si-N system deposited as either monolithic and
multilayer configuration to work as a diffusion barrier to the lubricous
Ag elements was recently deeply studied, allowing to conclude that this
system successively allow to control/avoid the Ag diffusion from the
remaining non oxidized film zone [27-29]. However, to our best
knowledge a systematic study on the effect of Si additions on the
oxidation resistance of Ti-Si-N-Ag films was not yet reported in the
literature. Therefore, a series of TiN/Ag/SisN4 films with different Si
content were prepared by using multi-target magnetron sputtering
technology, and the microstructure, structure and oxidation properties
of the films were studied.

2. Experimental details
2.1. Depositions

A series of TiN/Ag/SisN4 composite films with different Si concen-
trations were deposited over Si wafer substrate, using radio frequency
reactive magnetron sputtering system (the 3D schematic representation
of the setup is shown in Fig. 1). The depositions were processed using Ti,
Ag and Si targets with a diameter of 75 mm and with a purity of ~99.9%.
The substrates were first cleaned ultrasonically in alcohol for 15 min,
and acetone for 15 min, and then dried using the hot air before putting
into the deposition chamber. The detailed deposition parameters could
be summarized as follows: (i) base pressure was below 6.0 x 10 *Paand
the deposition pressure was 0.3 Pa, (ii) interlayer of Ti was deposited
using single Ti target with a power of 150 W for 15 min in pure argon
atmosphere, and then Ti and Ag target power was fixed at 200 and 60 W
respectively, whereas Si target power was varied between 0 and 150 W
to synthesize a series of films with different Si concentration with an
interval of 30 W, (iii) argon to nitrogen ratio was 50/1.6 during all the
depositions, (iv) no substrate heating and bias voltage were applied, and
(v) deposition time was 3 h.

2.2. Films characterization

The elemental chemical composition of the different films was
analyzed by an electron probe microanalyzer (EPMA, CAMECA SX-50,
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France). An average value of three measurements was considered as
the elemental compositions. The X-ray diffractometer (XRD, Shimazu-
6000, Japan) was applied to investigate the crystalline characteriza-
tions of the films. Cu ka irradiation with the voltage and current of 40 kV
and 35 mA was used during the measurements. The XRD pattern was
processed from 30° to 80° at the scanning step of 2°/min. X-ray
photoelectron spectroscopy (XPS, ESCALAB250XI, Thermo Fisher, USA)
was used to investigate the chemical state of the elements in the film.
The experimental parameters could be summarized as follows:(i) the
base pressure during the spectra acquisition was below 2 x 10~° mbr,
(ii) Al target operated at 72 W with the hv of 1486.60 eV was chosen as
the excitation source and the Au (4f 7/2, 83.96 eV) was chosen as
reference to calibrate, (iii) The recorded spectra include valence band
and the total acquisition time was 54.2 s, (iv) The spot size of 400 pm
was applied during the measurement, (v) Ion beam etching Ar™ with a
primary energy and the angle of 800 eV and 70°, respectively, was
carried out for 30 s to remove the surface contaminants, (vi) The fermi
level cut-off occurred at 0 eV from the valence band measurements for
the sample according to the Refs. [30-32]. The deconvolution of spectra
was performed using the XPS CASA software, in which an adjustment of
the peaks was performed using peak fitting with Gaussian-Lorentzian
peak shape and Shirley type background subtraction. The hardness of
the films was measured using a nano-indentation system (CPX + NHT2
-+ MST, Swiss) using a constant load of 3 mN for 10 seconds with an
indentation depth of below 10% thickness of the films. The onset point
of oxidation of the films was evaluated by the thermogravimetric anal-
ysis system (TG, DTA, USA). The sample was heated from room tem-
perature to 1000 °C at the heating speed of 15 °C/min in the air.

3. Results and discussion
3.1. Elemental compositions and microstructure

Table 1 illustrates the elemental compositions of the TiN/Ag/SisN4
composite films as a function of Si target power. The Si concentration in
the films increases gradually with the increase of Si target power, whilst
the Ti and Ag concentrations dropped as expected. However, the N
concentration is slight increased, and the O concentration remains
approximately constant at ~5 at.%. The Ti/N ratio in the TiN/Ag
composite film is ~1.0, but the (Ti + Si)/N ratio gradually decreases
with the increase of silicon target power suggesting the formation of sub-
stoichiometric films. The increase of the power applied to the Si target
contributes to the change of the N concentration, since more metallic
atoms are available for the same content of Ny in the deposition
chamber.

Fig. 2 shows the XRD diffraction patterns of the TiN/Ag/SisN4

Fig. 1. 3D schematic representation of the deposition system.
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Table 1
Elemental chemical composition of the TiN/Ag/SizN4 composite films as a
function of the Si target power.

Si target power Elemental composition (at.%)

w Ti Ag N Si (6]
0 42.6 + 11.3 + 40.9 + 0 52+
2.1 0.6 2.1 0.3
30 335+ 10.7 + 41.7 + 8.7 £ 0.4 54+
1.7 0.5 2.1 0.3
60 27.9 + 9.8 +0.5 42.1 + 15.3 + 49 +
1.6 2.1 0.8 0.3
90 21.9 £ 9.3+0.5 45.8 + 17.2 + 5.8 +
1.1 2.3 0.9 0.3
120 15.4 + 8.5+ 04 46.4 + 24.6 + 51+
0.7 2.3 1.2 0.3
150 7.9+ 0.3 7.2+04 46.8 + 32.5 + 5.6 +
2.3 1.6 0.3
— — p— & — —
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Fig. 2. XRD diffraction patterns of TiN/Ag/SisN4 films with various Si
concentrations.

composite films with various Si concentrations. The TiN/Ag film dis-
plays double crystallite phases: a face-centered cubic (fcc) TiN phase
with diffraction peaks positioned at ~37°, ~38° and ~78° and a fcc-Ag
(111) peak located at ~37° [33]. Peaks located at ~34° and ~70°
correspond to the signal from the substrate. Addition of Si into the
TiN/Ag composite film decreases the intensity of the TiN and Ag
diffraction peaks, when 8.7 at% was added. Further increase of Si con-
centration leads to the formation of amorphous films [34-36]. The
amorphous Si-N phase is easily formed during the deposition due to the
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low enthalpy energy formation of Si-N —850 kJ/mol as compared to TiN
(—=722.2 kJ/mol) [37]. The amorphous phase which encapsulated the
TiN crystallites could prevent the growth of the TiN and Ag grains,
contributing to the decrease of the intensity of XRD diffraction peaks
related to those phases, and consequently leading to an amorphous
structure. This result agrees well with the model of J. Patscheider et al.
[38]. Similar results were also reported for the W)yN/SiNy [39] and
Mo,N/SiNy [26] film systems with Si additions.

Fig. 3 illustrates the cross-sectional TEM images of the TiN/Ag/Si3Ny4
composite film with a Si concentration of 8.7 at.%. A dense structure
with no obvious columnar characteristic could be still detected in Fig. 3
(a). The corresponding selected area electron diffraction (SAED) pattern
inset in Fig. 3(a) exhibits a series of diffraction rings corresponding to
fcc-TiN and fcc-Ag respectively, in good agreement with the XRD
diffraction patterns plotted in Fig. 2. Fig. 3(b) shows the HRTEM image
of the film, where crystalline and amorphous regions could be detected.
The appearance of two main lattice fringes with the spacing of ~0.2656
and ~0.257 nm, corresponding to fcc-TiN (200) and fcc-Ag (200).

The states of the chemical bonds on the TiN/Ag/SisN4 film with a Si
concentration of 8.7 at.% is shown in Fig. 4, representative for all the Si
rich films. The original XPS peak is represented by the black continuous
line, while the peaks adjusted based on the original peaks are repre-
sented by the color lines. The orange color line represents the resultant
of the fitting. The survey spectrum of the film is shown in Fig. 4(a),
where can be observed that seven elements are detected (Ti, Ag, N, Si,
and O). Four peaks with the energy of ~463.8 (Ti-O bond) [40,41],
~461.1 (Ti-N bond) [43], ~458.8 (Ti-O bond) [40], and ~455.0 eV
(Ti-N bond) [42,43], are detected in the Ti 2p spectrum in Fig. 4(b). The
Ag 3d spectrum (Fig. 4(c)) illustrates two peaks at ~368.6 and ~374.8
eV, which correspond to Ag—Ag bonds in metal silver [44]. As shown in
the Si 2p spectrum in Fig. 4(d), two peaks with the energy of ~101.9 and
~103.0 eV, corresponding to the bonds of Si-N in amorphous SigN4 [45]
and the Si-O in SiO [46], are detected. Fig. 4(e) illustrates the N 1s XPS
spectrum of the film which exhibits the two peaks at ~395.6 (Si-N)
[47], ~397.8 (Ti-N) [48-50] respectively. As for the O 1s XPS spectrum
in Fig. 4(f), two XPS peaks correspond to the Ti-O [51,52] and Si-O [53]
bonds appear.

The XPS results corroborates the XRD and TEM results confirming
that fce-TiN, fce-Ag and amorphous SigN4 phases coexists in the film’s
containing Si produced.

3.2. Mechanical and oxidation resistance properties

The hardness of the TiN/Ag/Si3N4 films with various Si concentra-
tions is shown in Fig. 5. Reference TiN/Ag film displayed a hardness of
~16 GPa. Additions of Si rises the hardness value to ~24 GPa for the
film with the 15.3 at.% Si, and then progressively drops with further
increase of Si concentration to a value of ~20 GPa for the film with the
32.5 at.% of Si. The residual stresses measured on the films were in the
range of +0.13-+0.09 GPa which does not justify the variations of
hardness values. Hence, several other factors can be attribute to the

Fig. 3. (a) Cross-sectional TEM and corresponding SAED diffraction pattern of the film with 8.7 at.% of Si, (b) HRTEM images of the different phases.
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Fig. 4. (a) Survey XPS spectra of TiN/Ag/SisN4 composite film with 8.7 at.% of Si, and high-resolution XPS spectra of: (b) Ti 2p, (c) Ag 3d, (d) Si 2p, (¢) N 1s and (f)

O 1s.

enhancement of hardness values: (i) The amorphous phase of SizN4
hinders the growth of TiN grains and finally disappears the columnar
grains morphologies. This induces the fine grain strengthening and en-
hances the hardness [54]. (ii) The hardness of the SigNy4 film deposited
under the same conditions is ~20 GPa, and thereby the formation of the
SisN4 phase could increase the hardness of the TiN/Ag film [55].
However, the SigN4 could be considered as the main phase in the com-
posite film and the hardness is close to the one of SigNy film for the film
with a Si concentration above 15.3 at.%. (iii) Heterogeneous interfaces,
which could be introduced into the films by formation of amorphous
phase of Si3Ny, act as the strong obstacles to the motions of the dislo-
cation [56-58], and thereby contribute to the enhancement on the
hardness based on the principle of interfacial engineering of nano-
composite materials [59-61].

Fig. 6 shows the TG curves of the TiN/Ag/SisN4 films with various Si
concentrations. All curves of the films regardless of the Si concentration
could be divided into two stages: (i) firstly the relatively weight of the
samples exhibits little influence by the testing temperatures, and re-
mains its value of ~100%, (ii) then increases gradually with a further
increase of the testing temperatures. The sample exhibits an excellent

thermal stability at the first stage, while the oxidation reaction takes
place during the second stage. It should be pointed that a slight dropping
as a function of testing temperature in the first stage is detected for all
samples regardless of silicon concentrations. The thermal denaturation
and disappearance of the surface adsorbate induced by the testing
temperatures is the reason for this decrease. The onset point of oxidation
of the reference TiN/Ag film is ~430 °C. Addition of Si enhances the
onset point of oxidation of the films and this point increases for ~780 °C
with a Si concentration of 8.7 at.% and to ~990 °C with a Si concen-
tration of 32.5 at.%.

XRD diffraction patterns of reference TiN/Ag and TiN/Ag/Si3N4 film
with a Si concentration of 8.7 at.% as a function of the annealed tem-
peratures in air are shown in Fig. 7. As shown in Fig. 7(a), the reference
TiN/Ag film exhibits an excellent oxidation resistance property after the
annealing at 300 °C, since no obvious diffraction peaks corresponding to
the oxide-based phases such as TiO, are detected in the XRD diffraction
pattern. However, the intensity of the diffraction peaks assigned to the
fcc-Ag phase becomes stronger with the increase of the annealing tem-
peratures. The grain growth of silver could be induced by the annealing
process, and the annealing also reduces the lattice defects of silver phase
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Fig. 6. TG curves of the TiN/Ag/SisN, films with various Si concentrations.

[62,63]. Therefore, the high quality of Ag crystallographic planes en-
hances the Bragg diffraction, and contributes to the higher intensity Ag
diffraction peaks at this temperature. Moreover, the diffusion of Ag from
the inner part to the film surface at elevated temperatures also con-
tributes to the higher intensity of Ag diffraction peaks. A further increase
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of the annealing temperature (above 400 °C) oxidizes part of the film
giving rise to the formation of TiO2 oxide [64]. For the TiN/Ag/SisN4
sample with a Si concentration of 8.7 at.%, no diffraction peaks assigned
to oxides could be detected at 600 °C. At 900 °C a small peak of TiO,
could be indexed suggesting a little oxidation of the film. Although not
detected by XRD due to their amorphous character, SiO, phase is also
presented in the oxide scale protecting the films from oxidation [65].
The detection of Ag at 900 °C also suggests that Ag diffuses to the surface
of the oxidized zone, but for higher temperatures as compared to the
reference TiN/Ag film. The higher the Si concentration on the film the
lower the diffusion of Ag to the surface. Thus increasing the silver
concentration on the films allows the delay of the release of the Ag phase
to the surface. Bondarev et al. also confirmed that Ag diffuses from the
oxidized zone of the film to the top most zone of the oxidized zone and
not from the interior of the non oxidized film [TEM study of the
oxidation resistance and diffusion processes in a multilayered TiSiN/TiN
(Ag) coating designed for tribological applications [66,67].

The hardness of the TiN/Ag/SigNy films after different annealing
temperatures is shown in Fig. 8. The hardness of the as-deposited films is
also shown in this figure for comparison purposes. The 300 °C annealing
induces a sharp drop of the hardness of the ternary TiN/Ag film to ~9
GPa. Diffusion of soft Ag to the film surface contributes to this result.
However, the hardness of the film after the annealing at 600 °C is
slightly enhanced to ~11 GPa and then holds its value with a further
increase of the annealing temperature of 900 °C. The enhancement on
the hardness could be attributed by the formation of oxide phase of TiO».

25
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Fig. 8. Hardness of the as-deposited and the annealed TiN/Ag/Si3N, films with
different Si concentrations.
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Fig. 7. XRD diffraction patterns of reference TiN/Ag (a) and TiN/Ag/Si3N4 with a Si concentration of 8.7 at.% (b) as a function of various annealing temperatures.
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As for the TiN/Ag/Si3Ny films regardless of Si concentrations, the 300 °C
annealing drops the hardness slightly, due to the residual stress release
[68] and the grain coarsening [69]. Then their values of the hardness
were little influenced by the annealing temperature at 600 °C, since the
amorphous phase of SisNy4 could avoid the diffusion of Ag and enhance
the oxidation resistance temperature. The hardness of the film with the
Si concentration of 8.7 and 17.2 at.% was dropped, while the one with a
Si concentration of 32.5 at.% holds its hardness, after the annealing at
900 °C. The film with the Si concentration of 8.7 and 17.2 at.% exhibits a
poor thermal stability at 900 °C, and the formation of oxide phase of
TiO, drops the hardness after the 900 °C annealing. But the excellent
oxidation resistance property at 900 °C is detected for the film with a Si
concentration of 32.5 at.% contributes to the stable value of the
hardness.

4. Conclusion

A series of TiN/Ag/Si3Ny4 films with different Si concentrations was
synthesized using magnetron sputtering system, and its microstructure,
hardness and oxidation resistance properties were investigated. The
main conclusions could be summarized as follows:

(1) Three phases, fcc-TiN, fcc-Ag and amorphous SisN4 co-existed in
the composite films. Addition of Si into films led to the disap-
pearance of columnar morphology.

(2) Addition of Si into the TiN/Ag composite film enhanced the
hardness from ~16 GPa for the film without Si to ~24 GPa for the
film with the Si concentration of 15.3 at.%. The grain refinement
strengthening and the heterogeneous interfaces induced by the
formation of SigN4 contributed to the enhancement on the
hardness.

(3) The addition of Si allowed a significant improvement on the
oxidation resistance temperature, and effectively avoiding of Ag
diffusion, and thereby contributing the stability of the hardness of
the film after annealing treatment.
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