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ABSTRACT In this work, we detail the properties of thin silicon carbide and polycrystalline 

diamond layers grown by microwave plasma enhanced chemical vapour deposition with linear 

antenna delivery. Structural, mechanical and optical properties are compared for their potential 

use as transparent hard coatings. Silicon carbide layers exhibit mechanical properties comparable 

to thin diamond layers but with a significantly higher adhesion and lower optical absorption 

coefficient over a wide spectral range. 

 

1. Introduction  

Silicon carbide (SiC), as diamond, possesses a large number of outstanding properties, such as 

high hardness, high thermal conductivity, large band gap, wide wavelength range of 

transparency, chemical inertness with variable electrical conductivity by doping, etc. Hence, SiC 

and diamond thin films hold a wide range of promising mechanical, optical, optoelectronic, and 

electrical applications as an inert, hard, conducting or insulating, and transparent coating [1, 2]. 

Wide band gap thin layers would provide ideal transparent protective films on optical 

components. Additionally, when doped with boron, diamond thin films also hold promising 

electrochemical applications [3, 4]. However, these layers must exhibit low surface roughness, 

high adhesion and wear resistance in addition to high transparency and chemical inertness for 

long term applications. In this work, we detail and compare structural, mechanical, adhesion and 

optical properties of thin silicon carbide and diamond layers grown by microwave plasma 

enhanced chemical vapour deposition with linear antenna delivery. 
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2. Experimental:  

Silicon carbide and diamond layers were deposited on {100} 20 mm2 silicon wafers (ON 

Semiconductor Czech Republic, s.r.o) with an amorphous native oxide top layer and 10 mm2 

glass substrates (Corning Eagle XG) using a microwave plasma enhanced chemical vapour 

deposition system with linear antenna delivery (MW-LA-PECVD) [5, 6]. Prior to growth all 

substrates were ultrasonically cleaned in acetone and isopropyl alcohol.  Substrates for diamond 

layer growth were seeded with a nano-crystalline diamond dispersion (NanoAmando®B) via 

spin coating, whereas silicon carbide layers were grown on unseeded substrates. All layers were 

deposited in a hydrogen rich, methane and carbon dioxide gas mixtures at low pressure with the 

same microwave power. Deposition conditions of silicon carbide and diamond layers are 

reported in Table I. As matter of fact, silicon carbide formation is not expected with the process 

gas mixture without a Si precursor. However, we recently demonstrate the presence of Si by 

optical emission spectroscopy in the MW-LA-PECVD system at low CO2 concentrations and the 

consequent formation of silicon carbide due to the assumed plasma etching of the quartz tubes 

which form the vacuum to air interface in this system [5]. Substrate temperatures were monitored 

during deposition using a Williamson Pro 92-38 infrared pyrometer and thermocouples mounted 

in the substrate table. Both temperature measurement techniques were in agreement. 

Temperatures are noted in Table 1. 

Morphological and structural properties of deposited layers were characterised by a Tescan 

FERA 3 scanning electron microscope optimised for observation of thin film morphology and 

thickness measurement in cross-section. Ambient atomic force microscopy using a Dimension 

Icon (Bruker) in peak force tapping mode with Tap150AL-g tips optimised for surface 

topography and surface roughness was measured on a 3×3 mm2 surface area.  



 4 

The crystalline structure of deposited layers was characterised by X-ray diffraction methods 

using a PANalytical X´Pert PRO diffractometer with a Co anode (λ = 0.1789 nm) with different 

configurations. The diamond layers were measured with the line focus in a parallel beam 

geometry with a Goebel mirror in the primary beam and a parallel plate collimator (0.09°) in the 

diffracted beam by 2θ-scan with a fixed angle of incident equal to 2° whereas SiC layers were 

measured with line focus in Brag-Brentano geometry using divergent slits and linear detector 

(X´Celerator). The pole figures and ψ-scans of SiC were also measured with a point focus on 

ATC-3 texture cradle. 

Raman spectra were recorded by a LabRAM HR (Horiba Jobin-Yvon) spectrometer coupled to 

an Olympus BX microscope with a 100x objective. He-Ne laser with 1.96 eV (633 nm) energy 

was used as excitation with the power at the sample of 8 mW.  600 grooves/mm grating and a 

confocal hole of 50 μm was used. Spectra were background-corrected using the spectrum of the 

glass substrate as the baseline. 

The mechanical and tribological properties were measured by nanoindentation and scratch test 

techniques at room temperature using a fully calibrated NanoTest instrument (MicroMaterials). 

Nanoindentation experiments were performed with a sharp Berkovich indenter in a load 

controlled mode. Taking into account the thickness of the films, their roughness, ability to 

calibrate the indenter tip at shallow depths and the requirement of full plasticity beneath the 

indenter, two indentation loads of 1.0 and 1.5 mN [7] were chosen for determination of the 

stability of mechanical properties of the films with increasing depth and also to validate the used 

experimental setup. Progressive nanoscratch tests were performed in a 3 step procedure: 1-

topography, 2-scratch and 3-topography for two maximum loads (300 mN and 500 mN). The 

initial and final topography measurements were performed at a load of 0.02 mN to avoid any 
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wear. During the scratch procedure the initially constant topographic load of 0.02 mN was 

applied over the first 50 μm and then ramped to the maximum load at constant loading rate of 7.8 

and 13 mN/s respectively. All scans were performed with a scan speed of 10 μm/s over a total 

scan length of 450 μm. Nano-wear tests, i.e. multi-pass scratch tests were performed at a constant 

load of 20 mN by alternating scratch and topography passes every two scratches to monitor 

surface degradation, 16 passes were carried out in total. All evaluations of scratch tests were 

performed on the basis of the indenter load-depth records and analysis of the residual scratch 

tracks. Laser scanning confocal microscope LEXT OLS 3100 (Olympus) was used for high-

resolution imaging. 

Index of refraction and absorption coefficient of deposited layers were measured from UV to 

near infrared (250 nm to 1700 nm) using photothermal deflection spectroscopy (PDS) [8] and 

ellipsometry. The optical transmittance, reflectance and absorptance spectra were measured 

simultaneously in the broad spectral range from ultraviolet to near infrared in a dual beam setup. 

The absorptance down to 10-4 was measured by the absolute photothermal deflection 

spectroscopy (PDS) normalised via the signal of the highly absorbing black coating [9]. 

Ellipsometry measurements were carried out using a VASE ellipsometer (Woollam) from 190 

nm to 2400 nm. Spectra were recorded in reflection for three angles of incidence (60, 65, and 70 

degrees) and were analysed simultaneously with nearly normal reflectivity and transmission 

measured with the same instrument. 

3. Results and discussion 

Figure 1 shows the surface morphology of diamond and SiC thin films observed by scanning 

electron microscopy. Diamond layers exhibit polycrystalline columnar facetted grains, typical of 
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the van der Drift growth mode. In comparison, silicon carbide layers show a fine columnar 

structure and a smooth surface. This difference in surface morphology is highlighted by the large 

difference in root mean square roughness of the diamond layers (18 nm for a thickness of 400 

nm) and the SiC layers (2 nm for a thickness of 390 nm) as measured by AFM .  

The (111) textured cubic SiC with no in plane preferred orientation has been identified by X-ray 

diffraction (see Figure 2a). The XRD pattern shows one diffraction line at ca. 41.5° indicating a 

strongly textured thin film which can be assigned to the cubic (111) or hexagonal (002) structure 

of SiC. The crystalline structure of SiC was resolved by pole figures and ψ-scans measurements. 

The pole figure at ca. 58.5° which corresponds to the 012 diffraction of a hexagonal structure 

does not show any peaks. On the other hand, the pole figure at ca. 70.6°, which corresponds to 

the 220 diffraction of cubic structure, shows a broad ring with a maximum at ψ ≈ 35°, which 

corresponds to 35.26°, i.e. the angle between [111] and [220] directions for a cubic structure (see 

Figure 2b). Furthermore, the ψ-scan at 41.5° shows a secondary maximum close to 70°, which 

correspond to the angle between the [111] and [-111] direction. These results are consistent with 

transmission electron microscopy results reported in [5]. In comparison, the polycrystalline 

nature of diamond is clearly shown on the X-ray diffraction diagram on Figure 2a.  

The Raman spectrum of diamond layers clearly exhibits the 1332 cm-1 zone-centre phonon 

diamond Raman peak together with bands at 1140 and 1500 cm-1, related to trans-poly-acetylene 

[10]. Figure 3 shows the baseline-corrected Raman spectrum of the SiC thin layer grown on a 

glass substrate. Several features can be discerned. The Raman bands corresponding to the 

transverse (TO) and longitudinal (LO) optical phonons at ~ 782 and 945 cm-1 are the typical 

markers of the β-SiC. However, in the case presented in Figure 3, the bands are broad and 
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downshifted compared to crystalline β-SiC [11]. The downshift is more pronounced for the LO 

band (nominally at 966 cm-1) compared to the TO band (nominally at 795 cm-1). The downshift 

indicates the presence of other SiC polytypes as inhomogeneities in the lattice [12]. Furthermore, 

the presence of additional bands at ~ 890 and 720 cm-1 is attributed to amorphous SiC [11] and 

the features below 600 cm-1 are assigned to acoustic modes, which is the signature of disorder in 

SiC [12]. The Raman spectrum thus clearly evidences the nano-crystalline and disordered 

character of the grown SiC. On the other hand, no Raman bands attributable to sp2 or sp3 

(disordered) carbon in the range at 1300-1600 cm-1 could be seen, indicating that SiC is indeed 

the only carbon compound grown. These results are supported by Fourier Tranform Infrared 

transmission measurements in 400-4000 cm-1 range which show only a Si-C absorption peak at 

800 cm-1.  

Hardness and elastic modulus of thin diamond and SiC layers together with the reference (100) 

Si crystalline substrate, measured with an indentation load of 1.0 mN, are reported in Figure. 4. 

Their values can be considered to be film dominated as the maximum indentation depths do not 

exceed 10% of the film thickness [13].This is supported by the same determined values at higher 

load (1.5 mN). The high hardness value of ∼38 GPa of a 360 nm thick SiC carbide layer is 

consistent with other reported values for stoichiometric SiC thin films [14] and in agreement 

with hardness values of single crystal α-SiC (36 GPa) and β-SiC (32 GPa) [15]. Note that the 

larger spread of hardness and elastic modulus values for diamond layers compared to SiC layers 

are attributed to different surface morphologies. In comparison diamond layers with a similar 

thickness (300 nm) exhibit a lower measured hardness (33 GPa). However, elastic modulus 

values of diamond and SiC layers are nearly equal. The measured hardness value lies in the 

range of the possible values for diamond layers [16, 17], though values approaching single 
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crystal diamond were reported [18]. It should be noted that the hardness of the diamond films is 

strongly affected by the portion of the amorphous phase surrounding the diamond grains, 

containing both the sp2 and sp3 hybridized carbon. 

The on-load depth and topography data of diamond and SiC layers for the progressive scratch 

tests are shown in Figure 5a. Figure 5b shows that the worn surface morphology is dominated by 

plastic deformation at low loads while increasing the normal load, faint cracking inside the wear 

track followed by chipping at the edges of the scratch grooves occurs. Although the on-load 

depths are rather similar there is an evident difference in critical loads, i.e. the onset of critical 

failure of the layers. Diamond layers fail at a load of 32 mN, while the critical load for SiC is 

292 mN. These results show the significant adhesion and/or cohesion improvement at the 

silicon/SiO2/silicon carbide interface compared to the diamond layers on Si/SiO2 substrates 

seeded with diamond nano-particles due to the weak chemical bond between particles and 

substrate. 

Although the hardness and reduced elastic modulus values of diamond and SiC layers are close, 

their ability to withstand the repetitive scratch loads differ significantly. Figure 6 shows the on-

load and topography depth records of diamond and SiC layers. Smooth profiles for all the passes 

are clearly seen for the SiC layers, while a sudden drop in penetration depths and development of 

surface roughness are clearly observed for diamond layers. The adhesion of diamond layers fails 

during the 4th pass while no catastrophic damage of SiC layers is observed, even after additional 

experiments performed at a load of 75 mN.  

Figure 7 compares optical properties, i.e. refractive index and absorption coefficient of SiC and 

diamond layers, measured by ellipsometry and transmission/reflexion/PDS spectroscopies. Both 
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types of layers are transparent over a wide spectral range in the visible and near infrared regions 

(400 nm – 1 um). The refractive index of SiC layers nSiC, is lower than the β-SiC bulk value nβ-

SiC (nSiC = 2.407  vs. nβ-SiC = 2.6434 at  600 nm)[19]. Similarly, the refractive index of diamond 

layers nNCD, is lower than the diamond bulk value nD (nNCD = 2.230 vs. nD = 2.4133 at 600 nm) 

[20]. SiC layers show a slightly lower absorption coefficient than diamond layers in the visible 

range. The increase of the optical absorption coefficient of a doped semiconductor is related in 

the infrared region to the absorption on free carriers. There is no clearly defined optical 

absorption edge in the UV region. An advantage of the PDS is the direct measurement of the 

optical absorption measurement by detecting the increase of the temperature suppressing the 

effects of optical scattering. Thus, once the film thickness and the index of refraction are known, 

the optical absorption coefficient is calculated directly from the optical absorption measured by 

PDS at each wavelength independently without being restricted by the use of parametric models. 

Noticeably, ellipsometry overestimates the absorption coefficient with respect to the results 

determined by PDS. Nevertheless, it should be mentioned that for low values of absorption 

coefficients (<105 cm-1) ellipsometry is no more sensitive to material absorption. 

4. Conclusion 

Silicon carbide and diamond thin layers have been deposited by a microwave plasma enhanced 

chemical vapour deposition system with linear antenna delivery at low temperature. Their 

structural, optical and mechanical properties have been measured and compared for their 

potential use as hard optical protective coating applications. The thin (< 500 nm) diamond layers 

exhibit columnar well facetted grains typical of microcrystalline CVD diamond growth, often 

referred to as nano-crystalline diamond (NCD), which are in contrary to smooth ultra nano-
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crystalline diamond (UNCD) with small grains and high secondary nucleation rates [21]. SiC 

layers display a low surface roughness which does not change with thickness, which is opposed 

to the diamond layer’s growth. Measured values for SiC layer hardness and elastic modulus are 

comparable with the diamond layers but with a significantly higher adhesion and wear resistance. 

SiC layers exhibit an index of refraction close to bulk diamond and show a lower absorption 

coefficient than diamond layers in the visible range. 
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 Diamond SiC 

Microwave power 2 × 3 kW 2 × 3 kW 

Methane concentration 5% 4.2% 

Hydrogen concentration 92%% 95.75% 

Carbon dioxide concentration 3% 0.05% 

Process pressure 0.3 mbar 0.3 mbar 

Substrate temperature 520 °C 520 °C 

Deposition rate 50 nm/h 33 nm/h 

 

Table 1: Deposition conditions of silicon carbide (SiC) and diamond layers by microwave 

plasma enhanced chemical vapour deposition system with linear antenna delivery. 

  



 14 

 

  

Figure 1: Scanning electron microscopy images of diamond (left) and silicon carbide (right) 

layers. 
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Figure 2: (a) X-ray diffraction diagram of diamond and silicon carbide (SiC) layers, (b) , pole 

figure at ca. 70.6° (220 diffraction of cubic structure) showing a broad ring with maximum at ψ ≈ 

35° which corresponds the angle between [111] and [220] directions of β-SiC. 
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Figure 3: Raman spectrum of the SiC layer grown on a glass substrate. The spectrum is 

baseline-corrected using the glass substrate as the background for subtraction. Laser excitation 

energy is 1.96 eV.   
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Figure 4: Hardness, reduced elastic modulus and critical load measurements of silicon carbide 

(SiC) and diamond layers compared to silicon (Si) reference. 
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Figure 5: (a) Comparison of the on-load depth for SiC and diamond layers measured by scratch 

test method and (b) corresponding residual scratch grooves. 
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Figure 6: Multi-pass wear test’s depth profiles (a) on-load and topography records, (b) residual 

wear tracks and (c) on-load depths evolution at the distance of 200 µm from the beginning of the 

test. 
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Figure 7: Comparison of refractive index (a) and absorption coefficient (b) of diamond and 

silicon carbide (SiC) layers deposited by MW-LA-PECVD measured by transmission, reflexion 

and photo-thermal deflection (T/R/PDS) method and ellipsometry.  
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