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Formation of nanocrystalline diamond at Low Temperature by MicroWave plasma microtorch

Producing high quality nanodiamonds at near ambient conditions remains challenging. In this work, we report the synthesis of nanodiamond at low temperature using microwave plasma microtorch by dissociation of CH 4 /H 2 . The TEM, Raman and EELS spectra confirm the presence of sp 3 carbon. The TEM and SEM image indicated that the grain of diamond is about 10 nm. In addition, the influence of power for diamond growth was also investigated. The sp 3 / sp 2 increase with increasing power while the I D /I G ratio decreases.

Introduction

The unique properties of nanodiamonds including high hardness, high thermal conductivity, chemical stability and biocompatibility find application in a wide range of areas such as drug delivery, biomarkers, tribological applications and quantum technologies [START_REF] Mochalin | The properties and applications of nanodiamonds[END_REF]. Today, many techniques were investigated to achieve nanodiamaond by detonation [START_REF] Krüger | Unusually tight aggregation in detonation nanodiamond: Identification and disintegration[END_REF], laser ablation [START_REF] Amans | Nanodiamond synthesis by pulsed laser ablation in liquids[END_REF], high-pressure high-temperature technique (HPHT) [START_REF] Qian | Graphitization of diamond powders of different sizes at high pressure-high temperature[END_REF], ion irradiation of graphite [START_REF] Daulton | Production of nanodiamonds by high-energy ion irradiation of graphite at room temperature[END_REF] and Plasma-enhanced chemical vapor deposition (PECVD) [START_REF] Kumar | Formation of nanodiamonds at near-ambient conditions via microplasma dissociation of ethanol vapour[END_REF]. The last has been considered as better solution compared to other process due to simple operation and low injected power. By the PECVD technique, diamond is synthesized by activating an H 2 / CH 4 gas mixture rich in hydrogen under low-pressure conditions where the graphite phase is thermodynamically the most stable. The production of atomic hydrogen then plays an essential role in stabilization of the diamond phase by saturating the pendant bonds at the surface and by ensuring the etching of the non-diamond phases that could co-deposit (sp 2 carbon). Methyl radicals (CH 3 ) also produced from the dissociation of methane are considered to be the main precursor carbon species [START_REF] Butler | Understanding the chemical vapor deposition of diamond: Recent progress[END_REF].

Using PECVD for diamond deposition generally require a high substrate temperature (>700°C) [START_REF] Gicquel | CVD diamond films: From growth to applications[END_REF]. With the reactor MW (MicroWave)-PECVD developed in our team [START_REF] Hassouni | Modelling of diamond deposition microwave cavity generated plasmas[END_REF][10], it is possible to grow low-dislocation diamond [START_REF] Tallaire | Reduction of Dislocations in Single Crystal Diamond by Lateral Growth over a Macroscopic Hole[END_REF] and high NV density diamond [START_REF] Tallaire | High NV density in a pink CVD diamond grown with N2O addition[END_REF]. However, because of the requirements in many applications in electronics, medicine and biology, the synthesis of diamond (films or nanoparticles) at temperatures < 500°C, especially at room temperature, is highly requested. Using optimized ultrasonic seeding process, Xiao et al. [START_REF] Xiao | Low temperature growth of ultrananocrystalline diamond[END_REF] obtained dense and continuous ultrananocrystalline diamond at temperatures as low as 400°C. Even, the diamond films was obtained by the halogenated [START_REF] Schmidt | Low temperature CVD diamond deposition using halogenated precursors -Deposition on low melting materials: Al, Zn and glass[END_REF] and oxygen [START_REF] Kumar | Formation of nanodiamonds at near-ambient conditions via microplasma dissociation of ethanol vapour[END_REF] [START_REF] Dekkar | Effect of the admixture of N2to low pressure, low temperature H2-CH4-CO2microwave plasmas used for large area deposition of nanocrystalline diamond films[END_REF] containing precursors at low temperature. In our study, we present a new route to synthesize the nanodimond at room temperature using a home-made microwave plasma microtroche based on coaxial transmission line resonators providing high electron densities, charged species, radicals and photons. The dissociation of gas mixture was followed by optical emission spectroscopy (OES). The structure of carbon nanoparticles was analyzed by micro Raman and TEM. Additional microstructural characterization of our material was performed by SEM and TEM. The influence of the injected power on diamond growth was also studied.

2.

Experiments and methods

Microwave plasma reactor

The experimental set-up for the synthesis of nanodiamonds by microwave (MW) Plasma Enhanced Chemical Vapor Deposition (PECVD) is schematically illustrated in Fig. 1. The MW plasma microtorch (Fig. S1) was developed in-house based on coaxial transmission line resonators (CLTR) [START_REF] Choi | Microwave-excited atmospheric-pressure microplasmas based on a coaxial transmission line resonator[END_REF]. The present torch can be operated for different gas mixtures such as Ar/H 2 /methane/acetylene/ethanol and a wide range of pressure conditions (10 mbar -1 atm).

It provides a distinct advantage of producing highly non-equilibrium discharges which can realize a wide range of reactive environments with high electron densities, charged species, radicals and photons over dimensions limited to a few millimetres. A variety of local plasma conditions can be obtained in this very flexible plasma torch which makes it possible to explore a wide range of non-equilibrium nucleation routes of carbon NPs, especially DNPs.

With the doubled-walled and water-cooled plasma torch, a copper tube located within the reactor was used to pass a mixture of gas stream (CH 4 + H 2 ) through a microwave guide. This stream was used to generate hydrogen plasma. Methane inside the plasma had a residence time on the order of 10 -1 s and rapidly dissociated in the plasma, forming carbon matter. After passing through the plasma, reaction products were collected downstream on Si substrate or a fiber glass filter. Certified gas cylinders are supplied by Air Liquid. The pressure of reactor chamber was kept at 100 mbar by a Bronkhorst pressure regulator. The optical emission of MW plasma was collected with a 600 micrometer diameter fiber optic cable coupled to a 

Characterization

The Raman spectra of the samples at room temperature were measured in the backscattering configuration using a HR800 spectrometer equipped with a Peltier-cooled CCD detector (Horiba Jobin Yvon) with spectral and spatial resolutions of 0.25 cm -1 and 5 μm, respectively.

Raman measurements were carried out by focusing the probe beam at 473 nm with a 50x objective on the carbon particles.

Scanning electron microscopy (SEM) (Zeiss Supra 40 VP SEM-FEG) was used to observe the morphology of carbon nanoparticles. TEM observation was performed in a JEOL 200 kV microscope with the carbon nanoparticles suspension drop-casted onto a carbon TEM grid. 2c for a laser excitation at 473 nm. The 1129 cm -1 peak is assigned to the ν1 mode of transpolyacetylene [START_REF] Ferrari | Origin of the 1150 -cm-1 Raman mode in nanocrystalline diamond[END_REF]. The C 2 radical serve prescursors for nanocrystalline diamond and also likely for unsaturated carbon chains such as (-C*=C*-) through addition polymerization. The hydrogen atoms in a hydrogen-rich plasmas terminate the dangling bonds (*) for stabilization and form transpolyacetylene. For bulk diamond with the high crystalline quality, a sharp peak at 1332 cm -1 is commonly used as a signature. Nevertheless, in our case (room temperature and low pressure), the formation of diamond was not under optimum conditions which provides small grain size. Consequently, due to the phonon confinement, the asymmetrical broadening was observed and this diamond peak was blue shifted to 1329 cm -1 for nm-scale diamond [START_REF] Korepanov | Carbon structure in nanodiamonds elucidated from Raman spectroscopy[END_REF]. The 1385 and 1598 cm -1 peaks correspond to the sp 2 carbon D peak and the sp 2 carbon G peak respectively [START_REF] Ferrari | Raman spectroscopy of amorphous, nanostructured, diamond-like carbon, and nanodiamond[END_REF]. Furthermore, the size of nanodiamond was confirmed by TEM images shown in Fig. 3.

Results and Discussion

Nanocrystalline diamond formation

Similar to the SEM image in Fig. 2a, Fig. 3a shows the agglomerated microstructure of the carbon nanoparticles with a diameter of around 10 nm. Under the plasma synthesis, the hybrid nanostructure in which both graphitic carbon and diamond crystal were observed as shown in 

The influence of power

The gas temperature that plays a key role in gas phase chemistry depends on the injected power. In our experiment, the dissociation of CH 4 and H 2 was recorded in-situ by optical emission spectroscopy (OES). Here, the H 2 Fulcher-α band was used to estimate the experimental H 2 rotational temperatures. An example of the measured H 2 Fulcher-α band Qbranch spectrum is shown in Fig. S1a, where the Boltzmann plot corresponding to Q 1 , Q 2 , Q 3 and Q 6 selected rotational lines is shown in the Fig. S1b. As shown in Fig. 4(a), increasing the injected power from 30 to 90 W increases the H 2 rotational temperatures from 525 to 760 K.

By increasing the injected power, more energy was transferred from electric field to the gas The influence of input power on diamond growth is presented in Fig. 5 for three different power: 30, 70 and 90W. In our plasma rector, no heating has been applied to the substrate surface and the Si substrate temperature was almost stable (~343.15K) during the experiments in a range of input powers 30 to 90W. Moreover, the signature of Raman spectra of the NPs collected were very similar when the distance of the substrate from the plasma source was changed or when the duration of the experiments were changed between 5 minutes and 60

minutes. Therefore, it can be considered that the diamond particle formation may mainly occur in the gas phase and the substrate served as sample collector. Similar substrate-free microwave plasma rectors have been used in the past to synthesize various materials [6][23].

Consequently, the change of morphology observed in Fig. 5 should be related to the gas phase chemistry. The H 2 rotational temperatures increase with the input power. As a consequence, In order to better understand the influence of power on diamond growth, the Raman spectra of the samples obtained with different input power is analyzed (Fig. S3) and the sp 3 /sp 2 and I D /I G ratio is presented in Fig. 6. The power has a positive effect on sp 3 carbon formation as more hydrogen atoms were dissociated with higher injected power. These H atoms play important roles for H-shifting reaction of CH 4 producing CHx radicals. The ratio between [H] and

[CHx] is crucial for the diamond nucleation and growth [START_REF] May | Experiment and modeling of the deposition of ultrananocrystalline diamond films using hot filament chemical vapor deposition and Ar/CH4/H 2 gas mixtures: A generalized mechanism for ultrananocrystalline diamond growth[END_REF]. That is why no sp 3 carbon was detected with a power below 70W. In addition, the I D /I G ratio decreases from 0.53 to 0.33 with increasing power. Similar results have been reported in the literature that I D /I G ratio, which decreases with increasing sp 3 fraction in the amorphous carbon films [START_REF] Paik | Raman and XPS studies of DLC films prepared by a magnetron sputter-type negative ion source[END_REF][START_REF] Cai | Investigation of (Ti:N)-DLC coatings prepared by ion source assisted cathodic arc ionplating with varying Ti target currents[END_REF]. Even if the mechanism of diamond formation is not the focus of this study, we still try to give the possible reasons to explain the nanodiamond formation in our process involving the gas phase chemistry. Previous studies by homogenous nucleation have produced diamond nanoparticles using CH 4 -CO 2 [START_REF] Vandenbulcke | Nanodiamonds in dusty low-pressure plasmas[END_REF] or ethanol [START_REF] Kumar | Formation of nanodiamonds at near-ambient conditions via microplasma dissociation of ethanol vapour[END_REF]. H atoms and CH 3 radicals are generally considered as key constituents in most diamond CVD environments. H atoms could preferentially etch non-diamond carbon and enable the growth of diamond-phase carbon [START_REF] Biener | A surface reaction with atoms: Hydrogenation of sp-and sp 2-hybridized carbon by thermal H(D) atoms[END_REF].

This reaction should contribute to the nanodiamond formation in our process as both diamond-phase carbon and graphite were observed by TEM. Apart from the etching, sufficient H atom could help initiate the processes responsible for diamond grows by preventing the C1 species to produce non-diamond carbon. Future research is needed to better understand the mechanism for nanodiamond formation in our method, as well as to distinguish between kinetic and thermodynamic aspects. 

Conclusion

We have developed a process for nanodiamond synthesis using microwave plasma enhanced chemical vapor deposition by dissociation of CH 4 /H 2 . The reactor could be work at room temperature, substrate-free condition and avoid the impurities (nitrogen and oxygen). The band of 1329 cm -1 observed in RAMAN spectra and the EELS spectra confirm the diamond formation. The TEM and SEM image indicated that the grain of diamond is about 10 nm. The effect of power on diamond growth was investigated. OES spectra shows that the H 2 rotational temperature increases with the increasing power which may be the reason of the increasing sp 3 /sp 2 ratio. The influence of CH 4 /H 2 ratio, pressure of the reaction and addition of argon will be investigated.
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 1 Figure 1. MPCVD reactor and OES set up

Fig. 2a shows

  Fig.2ashows the SEM microstructure of carbon nanoparticles deposited by MW-PECVD on Si substrate. The particles with a grain size around 10 nm and EDX shows that the particles

Figure 2 .

 2 Figure 2. Material characterization of carbon nanoparticles deposited on Si substrate. a) SEM image carbon nanoparticles, b) its corresponding EDX spectra, and c) Micro Raman spectra. (Experimental conditions: CH 4 = 4 sccm, H 2 = 96 sccm, Distance between plasma torch and substrate = 5mm, Frequency of microwave =2480 Hz, Pressure of reactor = 100 mbar, Injected power = 90 W, Deposition time = 60 min and Temperature = Room temperature.)

Fig

  Fig 3b. The d-spacings of 0.21 nm and 0.35 nm are in consistent with diamond (111) planeand graphite (002) plane, respectively. EELS spectra in Fig.4cshowed the 1sσ* which corresponds to sp 3 -hybridised carbon. The presence of some amount of sp 2 carbon is also indicated by 1s * feature.
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 3 Figure 3. TEM image of carbon nanoparticles of different resolution a) 50nm and b) 5nm; c) its corresponding EEEL spectra. (Experimental conditions: CH 4 = 4 sccm, H 2 = 96 sccm, Distance between plasma torch and substrate = 5mm, Frequency of microwave =2480 Hz, Pressure of reactor = 100 mbar, Injected power = 90 W, Deposition time = 60 min and Temperature = Room temperature.)

  during collisions that induce the rise in gas temperature. Moreover, the H 2 rotational temperatures is relatively lower than others reported data[START_REF] Dekkar | Effect of the admixture of N2to low pressure, low temperature H2-CH4-CO2microwave plasmas used for large area deposition of nanocrystalline diamond films[END_REF][START_REF] Bolshakov | Single crystal diamond growth by MPCVD at subatmospheric pressures[END_REF].
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 4 Figure 4. (a) H 2 rotational temperature measured by OES (b) concentration of H-atoms measured by actinometry [22]as a function of input microwave power.

  the concentration of atomic H also increases. Moreover, the high input power should provide a highly reactive plasma conditions which enables degradation of CH 4 to produce enough chemical C1 species(CH 3 , CH 2 and CH). The C1 species along with high concentrations of hydrogen should be conducive towards the growth of nanodiamond[24][25].
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 5 Figure 5. The effect of power on diamond formation. SEM images of carbon nanoparticles deposited on Si substrate applied different injected power: a) 30W, b) 70W and c) 90W. (Experimental conditions: CH 4 = 4 sccm, H 2 = 96 sccm, Distance between plasma torch and substrate = 5mm, Frequency of microwave =2480 Hz, Pressure of reactor = 100 mbar, Deposition time = 60 min and Temperature = Room temperature.)
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 6 Figure 6. the sp3 /sp 2 (left) and I D /I G (right) ratio as a function of input power (sp 3 /sp 2 bonds ratio is calculated from the intensity of the diamond peak at 1328 cm -1 and the intensity of the G band about 1583 cm -1 );

Figure 7 .

 7 Figure 7. The relative abundance of C 2 radical to H-atom concentration evaluated from the ratio of intensities of I(C 2 Swann) and H-alpha as a function of input power
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