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ABSTRACT 
	Titanium Nitride (TiN) is widely used in many industrial sectors for its outstanding performances including its mechanical properties, high chemical and thermal stability. Associated with its plasmonic behavior, TiN thin films are very promising for the manufacturing of optical metasurfaces devices or new plasmonic materials. Among the processes that make it easy to obtain metal nitride coatings, nitriding of metal oxide films has become increasingly popular in recent years. A multitude of synthesis processes can be used to obtain TiO2 films, with different crystalline states (amorphous, anatase or rutile) depending on the technique used, which can then be converted into TiN coatings. In this paper, the effect of the initial crystalline state of TiO2 layers was investigated on the structural properties, plasmonic properties and the friction behavior of TiN thin films obtained by Rapid Thermal Nitridation (RTN). The results indicate that, regardless of the crystalline state of the starting TiO2 film, the RTN process leads to complete nitridation of TiN coating. Moreover, even though surface morphology and friction properties differ slightly, depending on the crystallization of the starting TiO2, plasmonic properties remain very similar, thus highlighting the great versatility and uniformity of this nitriding technique, enabling TiN to be produced for a wide range of applications.


1. INTRODUCTION
In recent years, demand has been growing for materials with very high thermal, mechanical, optical and electrical properties, and this has led to a significant focus on advanced ceramics. Such high performances can be achieved by non-oxide composite including carbide and/or nitride 1–3. Among these new materials, titanium nitride (TiN) has received the most attention particularly due to its mechanical 4 and plasmonic properties 5–7. Such coatings can be micro and nano structured, thereby conferring new functionalities and properties, for example, optical8,9 and mechanical10 properties leading to new metamaterials and metasurfaces 11–13.
[bookmark: _Hlk147320336]Various methods can be used to obtain TiN thin films that involve vacuum technology and either physical vapor deposition (PVD) or chemical vapor deposition (CVD). These methods include reactive magnetron sputtering 14–17 , molecular-beam epitaxy 18,19, chemical vapor deposition 20,21, atomic layer deposition 22–24, and pulsed laser deposition 25–27. The source of the titanium needed for these deposition techniques can be Ti, TiN or TiCl4 for example 28–30. These methods are ideally suited to produce homogeneous coatings without structuring. However, due to their intrinsic properties, and notably their mechanical and chemical ones, surface micro-nanostructuring of metal nitrides is usually difficult. Some tools are available for structuring them, such as those used in microelectronics (lithography, etching, lift-off), but these technologies are costly and/or time and energy-consuming and are not always suitable for large surfaces and/or unconventional shapes, thus limiting technological developments and economic and industrial spin-offs.
	Another type of technique used to produce TiN is reduction and nitridation of TiO2. This technique comprises the reaction of reduction of the TiO2 followed by a reaction between a nitrogen source and the reduced product at high temperatures. Typically, the nitridation of TiO2 films is accomplished using conventional ovens, but requires prolonged exposure to high temperatures (exceeding 900-1000 °C for several hours) 31,32 and an extra reductant 33,34. The advantage of this method is that TiO2 is much easier to structure than TiN, thus enabling the production of more complex structures. Its disadvantages are the need to use high-temperature-resistant substrates and the relatively long processing time (several hours), which limits its industrial application. We recently developed a rapid thermal nitridation technique (RTN) to nitridate TiO2 thin films with ammonia gas using a rapid thermal annealing (RTA) oven 6,7,35. During this process TiO2 sol-gel layers are irradiated by infrared flashes with a flow of NH3. The flashes are absorbed by the sample, thereby heating it, and, due to the presence of NH3 nitridation occurs. The use of an RTA oven makes it possible to reduce the nitridation process from several hours using a conventional furnace, to 10 to 15 minutes. The advantages of this technique are a very short processing time (compatible with industrial development), a process that can potentially limit thermal damage to the substrates (flash infrared), and the use of the sol-gel route to produce the TiO2 samples.
	The sol-gel route is widely used in materials chemistry to produce a broad range of inorganic materials 36,37 in different forms including powders 38, fibers 39, dense films 40 and xerogels 6. Depending on the process, the crystalline phase of TiO2 can vary between amorphous, anatase and rutile 39,41–43. Some studies have shown that the initial states of the TiO2 can have an impact on the TiN films produced after nitridation 44–46. However, these studies were only performed using high temperature ovens, under treatments that lasted for several hours, and included the incorporation of a reductant (carbothermal reduction) to facilitate nitriding44–46, all of which further restrict potential fields of application.
In this paper, we first focus on the possibility of nitridation of the crystalline phases (amorphous, anatase and rutile) of TiO2. We analyze and compare the nitrided films with TiN films reported in the literature. Raman spectroscopy and X-ray diffraction will be employed to compare the crystal structure of each sample. Second, we assess the effect of the initial crystalline state of the TiO2 on the plasmonic properties and the friction behavior of TiN thin films obtained by RTN. We use UV, visible, near-IR spectroscopy, as well as ellipsometry to study the optical properties. Finally, we use a linear reciprocating tribometer to measure the friction properties.


2. MATERIAL AND METHODS
2.1 Production of TiO2 films
To produce the titania thin films, two sols were mixed using a specific sol-gel technique previously published and detailed in the references 6,35,36. Briefly, the first sol was prepared by reacting Titanium (IV) Isopropoxide (TIPT purchased from Aldrich) with deionized water, hydrochloric acid (HCl from Roth), and butyl alcohol (BuOH from Alfa Aesar) as a solvent. The concentration of TIPT in the solution was 0.4 M, and the TIPT/H2O/HCl/BuOH molar composition was 1/0.82/0.13/23.9. The second sol was prepared from TIPT complexed by benzoylacetone (BzAc from Aldrich) in ethyl alcohol (EtOH from Sigma-Aldrich). The TIPT/BzAc/EtOH molar composition was 1/0.91/20.4. TiO2 sol-gel was obtained by mixing the two sols to form a final sol with a TIPT concentration of 0.6 M and a BzAc/TIPT molar ratio of 0.6. The TiO2 sol was coated on a silicate substrate by spin-coating at 3000 rpm for 30 s. 
The resulting sol-gel film was heat-treated in air at 110 °C, 400 °C and 800 °C for 90 min. The thickness of each sample was measured by profilometry using a Veeco Dektak 3 ST profilometer.

2.2 Rapid thermal nitridation of Titania thin films
A rapid thermal nitridation treatment was then applied to the different heat-treated TiO2 layers in a reproducible and uniform process using pure NH3 gas (purity 99.98% from Linde Gas). Nitridation occurs at high temperatures in a halogen infrared lamp-heated furnace (RTA As-One 100 from Annealsys). After a purge of the reactor with N2 and vacuum sealing, the samples underwent 10 cycles, each cycle including 30 s of high irradiation (45% of the lamp power) and 5 s of low irradiation (1% of the lamp power). The alternating cycles of high and low irradiation protect the lamps from premature dysfunction. During the nitridation process, a NH3 flow (1000 sccm) was introduced in the chamber at a pressure of 10 mbar. The nitridation parameters were chosen based on the results of previous studies of rapid thermal nitridation of TiO2 6,7,35. The conditions were adjusted for the present study, but there is still scope for further optimization.

2.3 Optical measurements
Spectrophotometric measurements were taken before and after nitridation (Cary 5000 UV–Vis–NIR from Agilent Technologies). The measurements were performed in the wavelength range between 200 and 2000 nm, in reflectance with an angle of incidence of 10° and in transmittance with normal incidence.  
[bookmark: _Hlk146112547][bookmark: _Hlk146112577]The thickness, the refractive index (n) and the extinction coefficient (k) of the nitridated samples were measured by ellipsometry (SEMILAB Sopra GES-5E). The measurements were taken using an angle of incidence of 70° between 300 and 1000 nm. The optical model consists of two layers on a semi-infinite silica glass substrate. The first layer was made of the material under consideration (TiN with porosity). The second layer is considered as a roughness layer, with a 50%–50% mixed dielectric function between void and the dielectric function of the first layer, as schematized in Figure 1. The dispersive law used to model the complex dielectric function of the TiN film is a standard dispersion model based on the sum of a Drude and two Lorentz oscillators 47–49. Effective medium models were used to modelized the porosity and the roughness of the TiN films: The Maxwell-Garnett model was used to model the porosity of the TiN layer 50 and the Bruggeman model to model surface roughness 51.
For comparison, the thickness of the film in each nitridated sample was also measured with a Veeco Dektak 3 ST profilometer.
[bookmark: _Ref146722042]Figure 1: Schematic diagram of the optical ellipsometry model of the TiN layers.


2.4 Structural properties and surface morphology.
The phase composition and crystalline structure of the thin films before and after the nitridation process were analyzed using Raman micro spectroscopy measurements (LabRam ARAMIS) with excitation at 633 nm (He-Ne laser) and X-ray diffraction (GIXRD). The diffractograms were obtained using a PANalytical AERIS diffractometer. The X-ray beam used was produced by a copper anti-cathode, with a wavelength of 0.154 nm and a power of 450W (15mA, 30 kV). The grazing incidence angle of the X-ray beam was 0.4°. Acquisition was performed between 2θ=20° and 2θ=85°, with a step size of 0.04°.
The surface morphologies of the thin films were characterized by atomic force microscopy (AFM) measurements (Dimension Icon, Bruker company, Billerica, MA, USA) in tapping mode and by scanning electron microscopy (SEM) with a JSM-IT80 (from JEOL) with a UHD detector. 

2.5 Friction measurements
To test the friction resistance of the TiN film, tribological measurements were taken with a linear reciprocating tribometer (Anton Paar TRB3) in ambient air at room temperature. The different TiN films deposited on a silica glass substrate were in sliding contact with a mirror polished AISI 52100 steel ball (diameter 6 mm) at a linear speed of 1 mm.s-1 along a 2 mm wear track length. A normal force of 1 N was applied in the contact region, consistent with mean and maximum Hertzian contact pressures of 266 and 400 MPa, respectively, and a Hertzian contact diameter of 70 µm.


3. RESULTS AND DISCUSSION
3.1 [bookmark: _Hlk138691594]Titania Films 
Three TiO2 films were prepared by spin coating of TiO2 sol-gel at 3000 rpm for 30s on SiO2 substrate. These films were then thermally treated differently. The first was heated at 110°C for 90min and the second and the third respectively at 400°C and 800°C for 90min in order to have 3 samples with different initial conditions for the nitridation process. 
3.1.1 Optical properties
[bookmark: _Hlk146722946]After deposition and thermal treatment, the three TiO2 samples were transparent and homogeneous in transmittance, however transmittance decrease with increase in temperature (Figure 2A). The main difference observed on the transmittance spectrum of each sample is around wavelength 500 nm. Indeed, after a maximum of transmission at around 500 nm (90% for TiO2 treated at 110°C and 400°C and 80% for TiO2 treated at 800°C) there was a decrease in transmission. Minima of 85%, 75% and 60% were attained at 600 nm, 900 nm and 760 nm for the TiO2 treated at respectively, 110°C, 400°C and 800°C. The absorption edges of anatase (400°C) and rutile (800°C) TiO2 thin film were blue-shifted by respectively, about 65 and 35 nm, compared with that of the amorphous TiO2 film. The associated direct band gap energies of samples treated at 110°C, 400°C and 800°C were estimated to be 3.1, 3.7 and 3.4 eV 52.
In reflectance, the films took on different colors (Figure 2B). Indeed, while the TiO2 treated at 110°C took on a greenish color in reflection, the TiO2 treated at 400°C and 800°C took on respectively a pinkish and a yellowish color. These colors are interferometric colors that vary depending on the thickness and index of the films. The thickness of the TiO2 film annealed at 110°C was close to 300 nm (± 20 nm), and when annealed at 400°C and 800°C, the thickness was around 50 nm (± 10 nm). As expected from the color in reflection, the reflectance spectrum presented in Figure 2B revealed significant differences among the samples. The TiO2 treated at 110°C presented low reflectance that did not exceed 20%. The TiO2 treated at 400°C and 800°C are similarly curved in shape even though the latter had a maximum reflectance of 40% at 750 nm, whereas at the same wavelength, the former had a reflectance of 25%. Furthermore, both TiO2 treated at 110°C and at 400°C showed a dip at 500 nm. The same dip was present on the spectrum of the TiO2 treated at 800°C but with a shift to a lower wavelength (minimum at 470 nm). 

 [image: ]
[bookmark: _Ref146354838]Figure 2: (A) UV–Visible-NIR transmittance and (B) reflectance spectra of the SiO2 substrate and TiO2 layers thermally treated in air at 110°C, 400°C and 800°C during 90min. Inset: optical photographs of the different TiO2 thin films in specular transmission and reflection, respectively.
3.1.2 Structural properties and surface morphology
Grazing incidence X-ray diffraction (GIXRD) measurements were taken on the thermally treated TiO2 films, and the diffractograms are shown in Figure 3A. The GIXRD pattern of titania film thermally treated in air at 110°C (in red) revealed the absence of diffraction peaks related to crystallized phases of titania, underlining the amorphous character of this titania film. These results are in agreement with the Raman analysis of the same sample shown (in red) in Figure 3B. Indeed, the spectrum exhibits various small active modes related to the BzAc or TiO2/BzAc complex but no features of crystallized TiO2, confirming its amorphous nature 35,53.
The GIXRD pattern of the TiO2 layer annealed at 400 °C (in blue in Figure 3A) indicates the formation of structure-type anatase (JCPDS file 96-720-6076). The Raman spectrum corresponding (in blue in Figure 3B) presents the five Raman active modes (at 142, 195, 398, 515 and 640 cm-1) related to the anatase phase 54,55, confirming the sole presence of this phase. 
After heat treatment in air at 800 °C, the titania layer displayed diffraction peaks (in green in Figure 3A) well indexed to the Rutile structure (JCPDS file 96-600-1682). Its corresponding Raman spectrum (in green in Figure 3B) displayed the four main Rutile Raman vibration modes (at 148, 240, 445 and 610 cm-1). The observed Raman peaks are consistent with reports in the literature 55,56. To summarize, the film thermally treated in air at 110 °C is amorphous, the film treated at 400 °C is anatase, and the film treated at 800 °C is rutile. The associated direct band gap energies of samples treated at 110°C, 400°C and 800°C estimated above are in agreement with the values reported in the literature for amorphous, anatase and rutile phase 57. 


 [image: ]
[bookmark: _Ref146362720]        Figure 3: (A) GIXRD patterns and (B) Raman spectra of TiO2 thin film thermally treated in air at 110, 400 and 800 °C.
        

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) measurements were performed, to gain further insights into the morphology and topography of the TiO2 layers (see Figure 4). Indeed, previous studies have shown that the surface morphology of materials, and more specifically the roughness and cracks within the layers, can have a significant influence on the properties of TiN films 56,58–60.  
[image: ]
[bookmark: _Ref146364169]Figure 4: (A), (B) and (C)SEM micrographs of TiO2 thin film heat-treated in air respectively at 110°C, 400°C and 800°C and (D), (E) and (F) their corresponding AFM images.

As can be seen in Figure 4, the SEM micrograph of the TiO2 xerogel layer annealed at 110°C shows that the surface is very homogeneous with no real apparent porosity. The smoothness of the surface and the absence of cracks was confirmed by the AFM measurement by calculating the Root Mean Square surface roughness (RRMS) in Figure 4D (RRMS = 0.73 nm). After heat treatment at 400°C the surface of TiO2 films resembles that of the previous sample with a homogeneous surface observable both in the SEM image and with the AFM measurement (Figure 4E). However, unlike the amorphous sample, slight cracks are apparent and the roughness is higher (RRMS = 5.46 nm). A completely different morphology appeared after treatment at 800°C with very pronounced cracks, as can be seen in the SEM image and AFM measurement in Figure 4F (RRMS = 6.84 nm). The results thus indicate that, as expected, increasing the annealing temperature increases the surface roughness of our TiO2 films (Table 1), thereby confirming SEM observations.

	
	 (nm)

	TiO2 amorphous (110°C)
	0.73

	TiO2 anatase (400°C)
	5.46

	TiO2 rutile (800°C)
	6.84


[bookmark: _Ref146369079]
Table 1: Roughness parameters of TiO2 thin films annealed in air at different temperatures.
These structural characterizations reveal disparities in the crystal structure of the initial TiO2 films, as well as differences in their morphology and topography. The thermal treatments applied to each sample to obtain the different crystalline phases were not optimized, which could explain the appearance of cracks and defects under the high temperature treatment. These samples were then nitrided using the RTN process to obtain TiN thin films, and then characterized to highlight the influence of the initial crystalline phase of the TiO2 on the different properties of the resulting TiN films.

3.2 Titanium nitride films
3.2.1 Optical properties 
[bookmark: _Hlk147323847]After treatment under NH3, the resulting TiN films are visually identical, with a slightly transparent grayish color (Figure 5A) in transmission and gold color in reflection (Figure 5B). The thickness of the three TiN films measured by profilometry was around 50 nm ± 10 nm. The spectra in Figure 5 indicate very similar optical properties in transmission and reflection highlighting the metallic character of the layers. The transmittance spectra of the TiN thin films display a broad absorption peak at wavelength of around 480 nm with a maximum transmittance of 29% for TiN annealed at 110 °C versus 26% for TiN annealed at 400 °C and 800 °C, and then reduced to 1–2% in the near-infrared region. The broad absorption signal in the visible region due to the incorporation of nitrogen into the film is in agreement with the gray coloring of the TiN coatings. The reflectance spectra indicate a minimum reflectance of 17% at wavelengths around 480 nm for both TiN layers obtained from amorphous or anatase TiO2 films, and minimum reflectance of around 12% for the TiN obtained from the rutile TiO2 film. In the NIR region, the TiN layer obtained from amorphous TiO2 is slightly more reflective than the other TiN layers, with a maximum reflection around 78% (versus 75% for TiN annealed at 400 °C and 800 °C). 


 [image: ]

[bookmark: _Ref146882600]Figure 5: (A) UV–Visible-NIR transmittance and (B) reflectance spectra of the SiO2 substrate and TiN films from the nitriding of TiO2 layers annealed in air at 110°C, 400°C and 800 °C. Inset: optical photographs of the different TiN thin films in specular transmission and reflection.
3.2.2 Structure and surface morphology
GIXRD measurements and Raman spectra of the three samples nitridated are presented in Figure 6. The GIXRD diffractogram related to the three coatings layers (i.e. TiO2 amorphous, anatase and rutile) after nitridation are similar with five diffraction peaks centered at 2θ = 36.75, 42.69, 61.96, 74.22 and 78.13° (Figure 6A). The Bragg indexation of the five peaks corresponds to a cubic phase with a space group Fm3̅m (JCPDS file 96-720-6076). The phase is in agreement with this space group and cell parameter value is osbornite TiN, whose diffraction peaks within the investigated diffraction range correspond to the crystalline planes (111), (200), (220), (311), and (222). The Raman spectra of these TiN layers, presented in Figure 6B, clearly corroborate the previous GIXRD analysis. Indeed, regardless of the specific crystalline phase in which the initial TiO2 film is subjected to nitridation, the resulting TiN thin film presents almost identical Raman vibration modes attributed to TiN, in accordance with results reported in previous works 6,7,35. The 211, 320, 447 and 530 cm−1 bands observed in the spectrum relate to respectively, transverse acoustic (TA), longitudinal acoustic (LA), second-order acoustic (2A) and transverse optical (TO) modes of TiN.


[image: ]
[bookmark: _Ref146377359]Figure 6: (A) GIXRD patterns, (B) Raman spectra of the TiN films from the nitriding of TiO2 layers annealed in air at 110, 400 and 800 °C.

	SEM micrographs of the resulting TiN layers after nitridation show different morphology depending on the initial state of the TiO2 layer (Figure 7A, B and C). These images also clearly show a difference in morphology of the cracks, the size of the cracks appears to increase with increasing annealing temperature. At 110°C only small homogeneously distributed cracks are exhibited, at 400°C the size of the cracks is bigger, and at 800°C the surface is composed of the biggest cracks. 
[image: ]
[bookmark: _Ref146381942]Figure 7: (A), (B) and (C): SEM micrographs of TiN films resulting from the nitriding of TiO2 layers annealed in air at 110, 400 and 800 °C respectively and (D), (E) and (F) their corresponding AFM images.

The surface topography and surface roughness of TiN coatings are shown in Figure 7D, E and F. The roughness parameters RRMS, deduced from mapping (listed in Table 2), are respectively 6.84 nm, 5.96 nm and 11.86 nm for TiN with increasing annealing temperatures. 
.
	
	 (nm)

	TiN (110°C)
	6.84

	TiN (400°C)
	5.96

	TiN (800°C)
	11.86



Table 2: Roughness parameters of TiN thin films after nitridation of amorphous, anatase and rutile TiO2 layers

After nitridation the visual appearance and the structural characterization (GIXRD and Raman) show the complete nitridation of the three sample with no significant difference. Comparison of the surface morphology of the samples before and after the nitridation showed that the state of the surface was similar. Indeed, the main difference are the increase of the roughness and the cracks however the general appearance of the surface is similar. The increase of cracks can be explained by the film densification and the rapid crystalline phase change of TiO2 during heat treatment. This effect of film shrinkage after nitridation by RTN had already been observed in previous studies 7,35. In summary, whatever the initial state of the TiO2 the RTN process allows the complete nitridation of the films. The substitution of the oxygen by the nitrogen occurs regardless the initial state of the TiO2. Furthermore, by comparing the SEM and AFM measurements before and after nitridation it can be seen that the nitridation process does not modify significantly the surface morphology. Indeed, the only impact the nitridation seems to have on the surface is a slight increase in the size of the cracks, probably due to shrinkage of the films during the RTN process. 
3.3 Properties of the titanium nitride films.
3.3.1 Plasmonic properties.
After analyzing the structure and the surface morphology of the TiN samples their plasmonic properties were compared to conclude on the impact of the initial state. Figure 8 shows the refractive index n (A) and the extinction coefficient k (B) of each sample measured by ellipsometry measurements. The real (ε’) and the imaginary (ε’’) part of the permittivity were deduced with the following equations and are respectively displayed in Figure 8C and 8D:

	

	(1)

	

	(2)


	To evaluate the performances of the TiN thin films for plasmonic applications the figure of merit (FoM) 61 was determined from the deduced permittivity with the following equation: 

	

	(3)



	The figure of merit is calculated with equation (3) in the case of surface plasmon polariton (SPP) 61. It expresses the response of metallic layers to propagate surface plasmons, which is better when the FoM is high (low loss). 

As can be seen in Figure 8, the allures of all the curves of each sample are similar. However, a slight difference in the extinction coefficient (k) is apparent in Figure 8B for high wavelength, this difference also affects their permittivities. Indeed at 1000 nm, the values of k, ε’ and ε’’ are respectively 4.17, -15.31 and -12.05 for the sample annealed at 110°C, 3.94, -13.50 and 11.27 for the sample annealed at 400 °C and 3.79, -12.59 and 10.00 for the sample annealed at 800 °C. This difference was expected, it originates from the difference of roughness and porosity of each film as it has been seen in Figure 7. As the size of the cracks and the roughness increase with the temperature of the annealing the losses increase leading to a diminution of the extinction coefficient k. The figure of merit in Figure 8E shows three nearly identical curves with an absorption peak at around 520 nm and a plateau of around 15 for high wavelengths, which is in agreement with the literature 24. These values could appear low compared to those obtained in the case of noble metals gold or silver for which in the infrared range at a wavelength of λ=1000 nm the FoM values are respectively around 1000 and 10000 62. However, unlike gold and silver, TiN has a much higher thermal resistance, making it ideal for plasmonic applications at high temperatures.

It should be noted that these results for TiN are quite similar to those obtained in previous work 6,35 and in the literature shown in Figure 8E 24. A slight shift of 20 nm of the dip can be observed due to the slight difference observed in the real part of the permittivity near 0. 
Thus, as stated in these studies a metallic behavior of the TiN is observed no matter the initial state of the TiO2 for wavelengths greater than 530nm. 

[image: ] 

[bookmark: _Ref146381500]Figure 8: (A) Refractive index (n) and (B) extinction coefficient (k) spectra of the three TiN layers. (C) Real part and (D) imaginary part of the permittivity for the TiN films. (E) Factor of merit for the different TiN layers. 

3.3.2 Friction behavior
Figure 9 shows changes in the friction coefficient as a function of the number of sliding cycles of the TiN coatings tested against the stainless-steel ball in reciprocating sliding contact. For TiN layers from amorphous and anatase TiO2, the friction coefficient remained relatively stable at an average value of 0.15 and 0.10 during the 100 sliding cycles. This friction coefficient range is close to the values reported for typical dense TiN films deposited using a PVD process 63. However, a TiN layer resulting from rutile TiO2 presented a higher friction coefficient than the other two TiN coatings, i.e., the coefficient increased from 0.2 to almost 0.4 after 100 sliding cycles. This could be explained by the non-uniform morphology of this TiN coating, as can be seen in the SEM/AFM images in Figure 7C and 7F, which can influence the friction during the test 64. The friction test showed that TiN film exhibits low dry friction with negligible wear at the scale of 100 sliding cycles. Longer tribological tests are necessary to quantify the wear resistance of the TiN films with a view to using the film for a variety of industrial applications.
[image: ]
[bookmark: _Ref146398761]Figure 9: Friction coefficient evolution, versus the number of sliding frictions, of the different TiN films in reciprocating sliding contact against a stainless-steel ball


4. [bookmark: _GoBack]CONCLUSIONS
This paper provides proof that nitridation of the crystalline phases (amorphous, anatase and rutile) of the TiO2 is possible. Raman spectroscopy and X-ray diffraction showed complete nitridation of each sample regardless of the crystalline phase. The effect of the initial crystalline state of TiO2 on the plasmonic and mechanical properties of TiN thin films obtained using a rapid thermal nitridation process were also investigated. After the elaboration and the analysis of the crystal structure and surface morphology of the amorphous, anatase and rutile TiO2 thin films, the samples were nitridated. DRX and Raman spectroscopy of the resulting TiN thin films confirmed the complete nitridation of each sample. The main difference between the layers was the state of their surface observed using SEM and AFM measurements. Indeed, each TiN has a different surface morphology but the surface morphology of the TiO2 and its associated TiN are similar. Nitridation only seems to further densify the layers, widening the size of the cracks that are already present. Thus, the surface morphology of the TiN thin films seems to only depend on the surface morphology before nitridation. The optical properties of the TiN layers obtained were compared. A slight difference was found in the plasmonic properties that can be explained by the difference in the surface morphology (cracks and roughness) of each layer. The friction coefficient of the TiN layers from amorphous and anatase TiO2 is similar and close to values reported in the literature. However, the TiN layer resulting from rutile TiO2 presents a higher friction coefficient probably due to the non-uniform morphology of this TiN coating.
	The simplicity and versatility of this nitridation technique allows it to work with every crystal structure of TiO2. Furthermore, the TiO2 used in this article was produced using a sol-gel route, meaning the RTN can be applied to other forms of TiO2 including powder, dense films or even fibers. The high compatibility and uniformity of this new nitridation technique makes it suitable to produce TiN for a wide range of fields, including chemistry 65, medicine 66, energy 67, mechanics 68 and plasmonics 27.
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