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Chemical conversion of MoS2 thin films deposited by atomic layer deposition (ALD) into molybdenum nitride monitored by in situ reflectance measurements

I. Introduction

In 2004, Novoselov et al. 1 isolated graphene and demonstrated that materials with ultrathin thicknesses, also called two-dimensional (2D) materials can manifest different properties compared to their bulk counterparts. This finding opened the door to the emergence of new 2D nanomaterials such as metal oxides 2,3 , transition metal dichalcogenides (TMDs) 4,5 or metal carbides and nitrides (MXenes) 6,7 .

In recent years, metal nitrides have attracted attention due to their remarkable physical and chemical properties such as high electrical conductivities, catalytic properties, energy storage, and conversion efficiency. [8][9][10][11][12] However, even though chemical exfoliation methods for preparing molybdenum nitrides nanosheets have been investigated and have led to the fabrication of dozen of nanometer thick films 13 , to our knowledge, little amount of reports are focused on direct gas-phase synthesis 14 , such as ALD, as done for MoS 2 . In fact, the review of literature on MoN ALD literature shows that it is possible to deposit successfully MoN x films but, despite a strong need, only a few studies have been reported. Various precursors and reagents of Mo have been studied, such as MoCl 5 , which leads to quite good results in terms of resistivity but produces corrosive by-products 15 Other precursors Mo(CO) 6 has also been tested but one of the main concern with thermal ALD is the significant amount of oxygen in the films 16 . In the case of PEALD, the only report from Joo et al. 14 using Mo(CO) 6 and NH 3 indicates the formation of Cubic Mo 2 N or MoCN. After annealing, crystalline Mo oxide is formed, confirming the poor stability of Mo nitride. That is why we are interested in an alternative route: starting from the more robust MoS 2 ALD process and the, apply a heat treatment under NH 3 .

Among the transition metal disulfides MoS 2 is one of the most widely studied materials in recent years to synthetize molybdenum nitride due to its availability 17 . MoS 2 has a natural two-dimensional structure with the sandwich-like S-Mo-S layers serving as building blocks, where the atoms in the layer are linked by strong covalent bonds, while the layers are packed together by weak interlayer forces 18,19 . Its synthesis by Atomic Layer Deposition (ALD) methods is well-known in the literature allowing the deposition of large-scale and reproducible few MoS 2 monolayers. 20 Pioneering studies on the preparation of molybdenum nitrides by nitriding MoS 2 were initiated by Marchand et al. 21,[START_REF] Marchand | Chem. Transit. Met. Carbides Nitrides[END_REF] by a direct reduction of sulfides in nitrides with ammonia. Recently, Sun et al. 13 and Cao et al. [START_REF] Cao | [END_REF] have demonstrated the transformation of MoS 2 nanosheets exfoliated from bulk material into molybdenum nitride with ammonia and urea reactive heat treatments, respectively. This work proposes to use in situ reflectance measurements to highlight the chemical conversion of a well-controlled uniform MoS 2 thin film deposited by Atomic Layer Deposition (ALD) into molybdenum nitride via an ammonia reactive heat treatment at 700 °C. Raman Spectroscopy, X-Ray Photoelectron Spectroscopy analysis are applied to characterize the samples and to support the in situ measurements.

II. Materials and Methods

MoS 2 samples were deposited by ALD on Si/SiO 2 (500 nm ± 20 nm) substrate at 90 °C using the process described in Cadot et al. 20 study. However, the annealing process was optimized and is achieved at 900 °C during 30 seconds at atmospheric pressure. This process has been transferred to an industrial ALD reactor in contrast Cadot et al. 20 where a custom-built CVD-ALD reactor is used. The MoS 2 preparation leads to the formation of well-controlled and uniform three monolayers MoS 2 thin film as shown in the TEM cross section in Figure 1 a). To determine the average MoS 2 thickness, we also performed X-Ray Reflectometry (XRR) measurements. The XRR pattern of a Si/SiO 2 (500 nm) sample is presented in Figure S1. After fitting, the resulting MoS 2 thickness is around 2.0 nm, which is consistent with a 3-4 monolayers MoS 2 thin film and the observation of the TEM-cross section. In addition, each Si/SiO 2 /(500 nm)/MoS 2 samples were characterized by Raman spectroscopy before and after each heat treatment. A typical Raman spectrum of these samples before any heat treatment is presented in Figure 1 b). The peak at ≈ 520 cm -1 is due to the Si substrate, and is used as reference to adjust the position of the spectra. Two well-known pronounced E 1 2g and A 1g modes at ≈ 382.6 ± 0.2 cm -1 and ≈ 407.9 ± 0.1 cm -1 are attributed to MoS 2 24,25 and also described in Figure 1 b). The E 1 2g mode corresponds to an in-plane vibration (perpendicular to c-axis) while A 1g is an out-of-plane vibration (along c-axis) 26 .

a) b)
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PLEASE CITE THIS ARTICLE AS DOI: 10.1116/6.0002678 MoS 2 nitridation treatments were carried out in a home-made furnace at a temperature of 700 °C during 1 hour. Photos of the furnace and its components are shown in Figure 2. The furnace is equipped with a LayTec EpiTT system to monitor in situ reflectances with three different wavelengths at 405 nm, 633 nm and 949 nm labelled R405, R633 and R949, respectively. The reflectance is calculated from the ratio (value between 0 and 1) of the reflected luminous flux to the incident luminous flux. It is worth to notice that the in situ reflectance measurements system is equipped with a pyrometer directly pointing the sample surface with a detection range starting at 400 °C. The home-made furnace is equipped with a thermocouple with a temperature range adapted to lower temperatures. Hence, the samples have been removed around 80 °C for ex situ characterizations in order to prevent their oxidation.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1116/6.0002678 First, experiments were carried out under vacuum at a base pressure of 0.05 mbar.

Subsequently, for NH 3 experiments, the flow rate of ammonia was set at 50 sccm and applied only during the temperature plateau. The NH 3 pressure varied at 0.5 mbar, 10 mbar, 30 mbar and 50 mbar using a throttle valve.

Raman spectra were collected in the backscattering geometry using a Renishaw In-Via spectrometer equipped with a Peltier cooled charge coupled device detector. The light was focused onto the sample surface using a x100 (0.85 numerical aperture) short working objective lens (0.27 mm). The resulting spot diameter was around 0.7 μm. A 532 nm wavelength laser diode was used as light source. The laser power was adjusted to not modify the material (1mW). Raman spectra experimental line shapes were fitted with Gaussian-Lorentzian components using the WiRE® software.

The XPS spectra were recorded with a PHI 5000 VersaProbe II spectrometer (Physical Electronics) using monochromatic Al K α radiation (1486.6 eV) and with an overall energy resolution of 0.6 eV (with silver as reference). The analysis angle was set at 45°. Data treatment of the measured spectra were analysed using CasaXPS® software. For spectral calibration, C1s core peak from adventitious carbon was considered with binding energy at 284.8 eV. A non-linear Shirley-type background was processed for peak fitting and the deconvolution of the peaks was obtained using 30% Lorentzian and 70 % Gaussian line shapes.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. For the 1000°C experiment (Figure 3 a)), we observe a drastic increase in R405 and R633 from around 500°C up to 1000°C while there is nearly no change in R949. During the 1000°C temperature plateau, R405, R633 and R949 remain almost constant, and then they slightly decrease at the end of the experiment. This result shows that the surface color has clearly changed during the experiment, and that at the end of the annealing procedure the final surface state has change, at least in color, but probably also in composition. We also performed the same test on another sample, but at lower temperature as shown in Figure 3 b). Compared to the 1000°C case, the 700°C experiment shows nearly no change in the color components all along the anneal profile, indicating that 700°C is probably not high enough to induce a color change, and subsequent structural modification. Also, we see that the purple based sensor is more sensible to any change of the sample surface, therefore in the rest of this work, we focalize the results on the 405nm wavelength contribution.
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To confirm the modifications of the MoS 2 film at 1000°C under vacuum, we achieved Raman analysis and X-ray photoelectron spectroscopy on the samples after each heat treatment. The Raman spectra are visible in Figure 4. The E It is well known that the E 1 2g and A 1g Raman positions of MoS 2 , and more precisely, the separation distance between both modes (∆𝜔) are sensitive to the number of layers. Here, the difference between both modes are not totally in agreement with a three monolayers MoS 2 thin film 27 . However, previous works addressing with the influence of MoS 2 layer number on the Raman spectrum are mostly focused on MoS 2 exfoliated from bulk material 27- 31 . It has been demonstrated for MoS 2 that growth methods and deposition conditions can lead to significant variations in Raman peaks positions 32,33 .

Recently, Tuschel 34 has reported a ∆𝜔 value of 25 cm -1 for a three layers MoS 2 thin film prepared by chemical vapor deposition on silicon substrates, which is in good agreement with the values reported in this study. Raman Full Width at Half Maximum (FWHM) and positions of these modes before and after the 700 °C heat treatment are presented in Table 1. We observe that the FWHM and position of E 1 2g mode are not affected by the 700 °C vacuum heat treatment. In contrast, for A 1g mode, an increase in FWHM value and a redshift is observed after the heat treatment. It suggests a slight degradation of the MoS 2 layers after the heat treatment, yet the layers remain relatively well-crystallized. [35][36][37] . The Mo 3d 5/2 and Mo 3d 3/2 peaks at 233.4 eV and 236.5 eV are attributed to Mo 6+ state corresponding to a small amount of MoO 3 at the top surface 38,39 . We can also observed a slight peak at 227.0 eV which is attributed to S2s.

Finally, and as expected, no contributions were observed in the Mo3d region for the 1000°C annealed sample. This suggests that the Mo element has been desorbed from the surface, This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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B. MoS 2 nitridation treatments

After having optimized the process conditions under vacuum, a reactive heat treatment under NH 3 at a controlled pressure of 0.5 mbar and 50 mbar was applied to the MoS 2 samples.

Figure 6 compare the in situ R405 reflectance of the 700 °C heat treatment at 0.5 mbar and 50 mbar. The NH 3 plateau is located between the vertical dash lines. A significant difference could be clearly observed between the heat treatment at 0.5 mbar and 50 mbar. As soon as the NH 3 valve is opened, a rapid increase in R405 followed by a plateau is observed for the heat treatment under 50 mbar while a progressive increase is observed for the 0.5 mbar treatment. In addition, the R405 reflectance value at the beginning and at the end of each ammonia treatment is different, contrary to those observed under vacuum at 700 °C (Figure 3 b).

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1116/6.0002678 Raman modes are completely vanished (see Figure S3 in Supplementary Information). Thus, we can affirm that there is no remaining MoS 2 nanosheets after the NH 3 heat treatments. We can also infer that there are no Mo atoms left on the top of the substrate, which means that Mo has desorbed in the form of a volatile compounds. However, XPS measurements performed on the treated samples confirm the presence of Mo in the Mo3d region (see below in Figure 8). Also, the 700°C temperature used for this experiment is lower than the formation temperature of MoO 3 gas. Moreover, there are no reports of the formation of volatile molecules in literature for the Mo-N binary system in this temperature range, which confirms the conversion of pristine MoS 2 into a MoN x solid phase.

The rapid increase in R405 as soon as NH 3 valve is opened shows that the composition change is quasi-immediate at 50 mbar. In order to potentially control this modification, NH 3 heat treatments with a pressure lower than 50 mbar were performed. Figure 7 presents the R405 evolution starting at the 700 °C plateau under NH 3 for pressures between 0.5 and 50
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mbar. The values of R405 on the Y-axis and of time on the X-axis have been normalized for better visualization. We observe that the higher the NH 3 pressure, the faster the increase in R405 value and the quicker a plateau value is reached. This result indicates that the observed color change, and subsequently the composition and structural properties of the layer can be adjusted with the NH 3 pressure. Thus, the kinetics of the thermochemical conversion of MoS 2 is dependent on the NH 3 pressure. These aspects will be discussed in the next section.

To assess the changes in composition of MoS 2 at 700 °C under NH 3 , we performed XPS measurements on the sample after the heat treatment. The Mo3p/N1s and Mo3d regions for the samples after 700 °C treatment under vacuum and under NH 3 with a regulated pressure of 0.5 mbar are represented in Figure 8 a) and b), respectively. In the Mo3p/N1s regions, we observe a clear difference between the samples treated at 700°C under vacuum and under NH 3 at 0.5 mbar. Indeed, a significant shoulder at around 398.0 eV appears after NH 3 treatment. Moreover, according to Table S1, we observe the respective appearance and disappearance of nitrogen and sulphur after the 700 °C NH 3 heat treatment. Considering the absence of significant evolution of the characteristic peaks of the other detected elements (oxygen, carbon and silicon) and the disappearance of S2p peak (peak not shown), nitrogen cannot be bonded to any other element than molybdenum. Spectrum deconvolution indicates a peak at 397.9 eV which can be assigned to N1s. This N1s peak at 397.9 eV and the Mo3p 3/2 peak at 395.4 eV are close to the values reported by Cao et al. [START_REF] Cao | [END_REF] (397.9 eV and 395. In the Mo3d region, we observe a notable change in the XPS signal. First of all, after the NH 3 heat treatment, we can notice the absence of S2s signal (in agreement with the disappearance of the S2p), while Mo3d is still observed with multiple environments. This means that MoS 2 sample has been chemically converted during the NH 3 heat treatment. By deconvoluting Mo3d spectra, we can attribute the Mo3d 5/2 and Mo3d 3/2 peaks at 228.8 eV and 231.9 eV, respectively, to Mo-N bond 40,41 . But the main part of the spectra is composed of the 

IV. Discussion

Vacuum experiments at 700 °C do not show a chemical transformation of the MoS 2 film.

In Therefore, we believe that the obtaining of MoN is related to kinetic issues, due to the high reactivity of NH 3. In fact, Marchand et al. [START_REF] Marchand | [END_REF][49][50] group were pioneers in the synthesis of molybdenum nitride from MoS 2 by reduction of sulphides by ammonia reactive heat treatments. Later, Ganin et al. 51 used the same method to prepare molybdenum nitrides and finally, Sun et al. 13 and Cao et al. [START_REF] Cao | [END_REF] have demonstrated the transformation of MoS 2 nanosheets exfoliated from bulk material into molybdenum nitride with ammonia and urea reactive heat treatments, respectively. As demonstrated in this work, the conversion of MoS 2 into MoN x is experimentally possible but seems to lead to unstable phases which could explained the differences observed with thermodynamic investigations. 

V. Conclusions

In this work, we demonstrate the total conversion of a MoS 2 thin film into MoN x through an NH 3 reactive heat treatment at 700 °C. Raman spectroscopy coupled with X-Ray photoelectron spectrometry confirmed this thermochemical conversion. We succeeded to exploit the experimental results, especially, in situ reflectance measurements and by applying a Van't Hoff law's to model the MoS 2 consumption by NH 3 . This model highlights that the kinetic conversion can be controlled by adjusting the NH 3 pressure. The proposed method coupled with in situ measurements pave the way to the preparation of molybdenum nitride with a direct control of the reaction rate. Moreover, as MoS 2 is a well-controlled and conformal thin film deposited by ALD its conversion can give access to MoN x thin films with a precise thickness control and an excellent conformability for applications with complex, smallsized and high aspect ratio architectures 53 . The thickness of the obtained MoN x film make its structural characterization difficult although this problem can be solved by studying thicker films. Finally, this approach could be extended to the synthesis of a wide range of metal carbides and nitrides (MXenes) with the possibility of controlling their structural properties depending on the reaction rate. It paves the way to the development of new synthesis routes of 2D materials with a wide range of applications.
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 1 Figure 1: a) TEM cross-section of a Si/SiO 2 (500 nm)/MoS 2 sample. We observe three well-crystallized and uniform MoS 2 monolayers ; b) Typical Raman spectrum of a Si/SiO 2 (500 nm)/MoS 2 sample and schematic E 1 2g and A 1g active Raman modes of MoS 2

Figure 2 :

 2 Figure 2: Description of the home-made furnace equipped with in situ reflectance measurements system, sample holder and observation of a sample during a heat treatment.

Figure 3 :

 3 Figure 3: Under vacuum experiments, temperature profiles ramping-up to a) 1000°C ; b) 700°C. The purple component is very sensible to color changes at the surface. Nearly not changes are visible at 700°C, which indicates that the temperature is not high enough to induce surface modifications.

  DOI: 10.1116/6.0002678 possibly in the form of a MoO x volatile molecule, as a result of reaction wih residual oxygen. It is well known for the Mo-O system that Mo under pure O 2 is volatized in the form of MoO 3 gas above 700°C. This fact coupled with the relative long annealing time used during the experiment (i.e. a plateau of around 1h at 1000°C) can explain the absence of Mo at 1000°C and a reduction in the number of 2D plans at 700°C.

Figure 5 :

 5 Figure 5: X-ray photoelectron spectroscopy (XPS) spectra of Mo 3d, for the MoS 2 reference sample (bottom) and the MoS 2 sample after 700 °C vacuum heat treatment (top).

Figure 6 :

 6 Figure 6: 700 °C NH 3 experiment with a regulated pressure of 50 mbar (solid line) and 0.5 mbar (dash line). The R405 component is very sensitive during the NH 3 experiment while it is almost constant during the vacuum experiment (except for the decrease in temperature).The observed behavior indicates that the optical properties of the initial MoS 2 sample have changed probably due to a change in composition. In fact, Raman spectrum for the sample that went under 700 °C NH 3 heat treatment at 0.5 mbar clearly shows that E 1 2g and A 1g MoS 2

Figure 7 :

 7 Figure 7: Evolution of the R405 component during the 700 °C NH 3 temperature plateau for different NH 3 pressures. For each curve, 𝑑𝑅405 𝑑𝑡 ≈ 0 is represented by an arrow and is discussed in the next section.

Figure 8 :

 8 Figure 8: X-ray photoelectron spectra of a) Mo3p/N1s ; b) Mo3d of MoS 2 after 700 °C vacuum experiment and MoS 2 treated at 700 °C under NH 3 0.5 mbar.

Mo3d 5 / 2 and

 52 Mo3d 3/2 peaks at 229.5 eV and 232.6 eV. The Mo3d 5/2 binding energy is situated between those assigned to Mo 4+ (230.0 eV) and Mo° (227.8 eV)42 . Several studies attribute these peaks to the formation of Mo 2 N41,[43][44][45] . Nevertheless, a significant increase in the atomic oxygen concentration is observed after the NH 3 heat treatment. Therefore, it is probably more accurate to attribute these peaks to a mixture of MoO 2 and Mo 2 N46 . The formation of this molybdenum oxynitride probably results from the exposition of the sample to air. Finally, the Mo3d 5/2 and Mo3d 3/2 peaks at 232.7 eV and 235.7 eV are assigned to a significant amount of MoO 3 (Mo 6+ ) also linked to air exposure after the heat treatment.

  fact, only slight changes are observed on the in situ reflectance measurements during the heat treatment, caused by the potential degradation of the MoS 2 layer. This observation has been confirmed by Raman analysis where MoS 2 signal is preserved, which proves the conservation of MoS 2 crystallized nanosheets. Under NH 3 atmosphere, changes on the in situ reflectance measurements are observed suggesting the chemical conversion of MoS 2 . By adjusting the NH 3 pressure during the heat treatment, it is possible to control the kinetics of the thermochemical reaction of MoS 2 . Also, Raman analysis indicates that E 1 2g and A 1g MoS 2 Raman modes are completely vanished after NH 3 exposure. Finally, the XPS results reveal the conversion of Mo and the absence of S indicating the chemical conversion of MoS 2 . The deconvolution of Mo3d and Mo3p spectra highlights the presence of Mo-N bond and confirms the chemical conversion of MoS 2 into MoN x . From a thermodynamical point of view of the Mo-N system, this conversion is unexpected, except at high NH 3 pressure as the nitride compounds Mo 2 N and MoN are characterized by a poor stability at normal conditions 47 .

Finally, in situFigure 9 .

 9 Figure 9. Then, a Van't Hoff's model has been applied using the following equation:

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  1 2g and A 1g MoS 2 Raman modes are highlighted in the inset. As for the reference MoS 2 Raman spectrum presented in Figure 1 a) (and, the sample annealed at 700°C shows the two E 1 2g and A 1g vibration, while at 1000°C both Raman mode vanished completely, which indicates a clear disappearance of the MoS 2 layer.

Table 1 :

 1 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Positions and FWHM values of E 1 2g and A 1g Raman modes for the Si/SiO 2 (500 nm)/MoS 2 reference sample before and after 700 °C vacuum heat treatment.These results presented above were confirmed by XPS characterizations. Binding energies positions and atomic concentrations of the MoS 2 reference sample, as well as the samples treated at 700 °C and 1000 °C are detailed in TableS1of the Supplementary Information. Highresolution XPS spectra for Mo 3d region are shown in Figure5. For the MoS 2 reference sample and the treated sample after 700 °C heat treatment, the main part of the spectra is composed of two peaks at 229.8 eV and 232.8 eV attributed to spin-orbit doublets: Mo 4+ 3d 5/2 and Mo 4+ 3d 3/2 , respectively. Their binding energies are assigned to MoS 2 environment and are in agreement with values found in literature

	Reference	700 °C vacuum

PLEASE CITE THIS ARTICLE AS DOI: 10.1116/6.0002678 Figure 4: Raman spectra of a reference Si/SiO 2 (500 nm)/MoS 2 sample (black) before heat treatment and after 700°C (red) and 1000°C (blue) vacuum heat treatment. The inset focused on E 1 2g and A 1g MoS 2 Raman modes.
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