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Abstract

:

Boron carbide is one of the most important non-metallic materials. Amorphous BCx films were synthesized at room temperature by single- and dual-target magnetron sputtering processes. A B4C target and C target were operated using an RF signal and a DC signal, respectively. The effect of using single- and dual-target deposition and process parameters on the chemical bonding and composition of the films as well as their functional properties were characterized by Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, X-ray energy dispersive analysis, X-ray diffraction, ellipsometry, and spectrophotometry. It was found that the film properties depend on the sputtering power and the used targets. EDX data show that the composition of the samples varied from B2C to practically BC2 in the case of using an additional C target. According to the XPS data, it corresponds to the different chemical states of the boron atom. A nanoindentation study showed that the film with a composition close to B2C deposited with the highest B4C target power reached a hardness of 25 GPa and Young’s modulus of 230 GPa. The optical properties of the films also depend on the composition, so the band gap (Eg) of the BCx film varied in the range of 2.1–2.8 eV, while the Eg of the carbon-rich films decreased to 1.1 eV.
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1. Introduction


In recent years, boron carbide films have attracted great interest as hard, protective, and oxidation-resistant coatings [1,2]. At present, there is an increase in the use of boron carbide as X-ray optical coating elements (X-ray mirrors) for beam transport for current and future free-electron lasers [3]. Currently, several thermal, plasma, or ion-beam-based physical and chemical vapor deposition (PVD and CVD) methods are available for the production of boron carbide coatings. CVD boron carbide films are deposited using toxic and flammable volatile precursors such as B2H6 [4,5,6], B5H9 [7], B10H14 [8], BF3 [9], BCl3 [10], and BBr3 [11] with carbon-containing substances CH4, C3H6, and C6H6, or single-source precursors such as B(CH3)3 [12], B(C2H5)3 [13,14], B(OCH3)3 [15], and C2B10H12 [16,17] at high or elevated process temperatures. The composition and structure of the formed boron carbide layers greatly depend on the gas phase composition, boron-to-carbon ratio, the type of volatile precursors, and the deposition conditions (temperature, pressure, type, and quantity of additional gas). In the case of PVD processes, the composition of the layers is influenced by the experimental parameters of radio frequency (RF) [18,19,20] and direct current (DC) [21,22,23] magnetron sputtering (MS), pulsed laser (PLD) [24,25], and ion-beam deposition [26,27]. It should be emphasized that, unlike CVD processes, the deposition of the films in PVD processes can be carried out at a low temperature and without using hazardous gases. In these processes, the most commonly used starting material is B4C target, and in some works, B and C targets are sputtered.



It should be noted that crystalline boron carbide is a phase of variable composition with a wide homogeneity region, and its properties depend on the ratio of boron/carbon. Although it is nominally denoted B4C, the carbon concentration of the compound, according to different authors, can be the following: 9–19 at.% C [28], 9–20 at.% C [6], 8.6–21.6 at.% C [29], and 10–24 at.% C [30], where boron carbide exists as a stable single phase. Boron carbide has a complex structure based on B12−xCx (x = 0–2) icosahedron and linear X–Y–Z groups (X, Y, and Z is B or C) [30] or B12 or B11C icosahedra and C-B-C, C-B-B, or B□B (□-vacancy) chains [31]. In the literature, as rule, the terms boron-rich and carbon-rich boron carbide are used to denote the edges of the homogeneity region. At present, the films with higher carbon content than the carbon-rich limit of the homogeneity range are also called carbon-rich boron carbide films [32]. Now, attention is paid to the synthesis of both boron-rich [14,15,25,33,34,35] and carbon-rich [14,20,23,25,36,37,38] BCx materials. Selected literature data on synthesis conditions of boron- and carbon-rich boron carbide films and their composition are presented in Table 1.



It was shown that the hardness and elastic modulus of boron-rich boron carbides decrease with the increase of boron concentration [34] while the highest boron substitution shows relatively high hardness and modulus [35]. On the other hand, according to the recent data of quantum mechanics simulations, the maximum shear stress of the B13C2 structure is higher than the strength limit of regular B4C [33]. Thus, the mechanical properties of B-rich boron carbide explored in the literature remain controversial. Authors have reported that the undoubted advantage of boron excess is the densification of boron carbide structure and the corresponding reduction in porosity. As for C-rich boron carbide, it is known that the replacement of B atoms by C atoms in the films occurred [36]. The coatings with low boron content exhibit a high degree of graphitization and their mechanical behaviour is close to that of elastic soft films [37]. However, they can protect the substrate materials against oxidation [41] and exhibit low friction coefficient and high wear resistance [42]. Depending on the composition of such films, they demonstrate the variety of obtained band gap energies (Eg) [43]. Considering that, along with tunable Eg, these materials need to match other requirements such as chemical, thermal, and mechanical stability, they can be considered as a possible candidate material for photovoltaic applications. The nonequilibrium conditions of plasma processes can produce amorphous boron carbide films with various carbon fractions (a-B1−xCx) [32].



This study aims to explore the effects of experimental growth conditions on the structural, optical, and mechanical properties of BCx films prepared by magnetron sputtering processes.




2. Materials and Methods


2.1. Film Deposition


BCx films tested in this study were deposited on Si (100) and fused silica substrates by single- and dual-target magnetron sputtering processes at room temperature. The deposition system consists of two cylindrical two inch magnetron cathodes (Torus 2” HV) powered by an RF generator RF-3-XIII (13.56 MHz) through the matching unit and DC generator APEL-M-1.5PDC-800-2. The B4C target (99.5% purity) sputtered in RF and the C target (99.95% purity) sputtered in DC mode were used as the cathodes for preparing BCx films at single and dual magnetron sputtering. The rotation of the substrate holder at 20 rpm was used in the case of dual sputtering to provide thickness and element distribution uniformity in the film. The targets were mounted on a water-cooled Cu holder. The deposition chamber was initially pumped down to the base pressure of 5 × 10−5 Torr using the combination of an oil-sealed rotary vacuum pump MVP36 and a turbomolecular pump nEXT 400D. The power supplied to the RF magnetron for sputtering the B4C target varied in the range of 50–150 W, while the power supplied to the DC magnetron for sputtering the graphite target was 75 and 100 W (Table 2). This corresponds to a specific power density at the target of 2.47–7.41 W/cm2 in RF mode and 3.71 and 4.94 W/cm2 in DC mode. Gas distribution rings, through which Ar was supplied to the cathode, were placed on the top of the dark space shield of magnetrons. Sputter deposition was performed at the constant Ar flow in all experiments, and it was maintained at 50 sccm through a mass flow controller Horiba SEC-Z512. Total gas pressure during film deposition was 3×10−3 Torr. The distance between the target and the substrate was 50 mm. The substrates were degreased and chemically cleaned before layer deposition.




2.2. Characterization Techniques


Morphological examinations of film surfaces and elemental compositions were conducted by field-emission scanning electron microscope (FE-SEM) JEOL JSM 6700F equipped with an EX-23000BU analyzer for elemental composition determination by X-ray energy dispersive spectroscopy (EDX). During the EDX measurement, the field emission electron gun (W) was operated at an energy of 3 keV (radius of the excitation volume ~0.1 μm) and at a current of 1 nA according to the results of our previous study [44]. The X-ray detector EX 64165JNH has a resolution of 133 eV at the Mn Kα line (5.9 keV) at a count rate of 2000 cps (measuring time: 200 s) yielding a dead time loss of about 18%. The spectra were evaluated using the “Analysis Station 3.30.06” program from JEOL Engineering Co., Ltd. using ZAF correction (Z–atomic number, A–absorption, F–fluorescence). Structure investigations were carried out using a Shimadzu XRD-7000 diffractometer (CuKα radiation, Ni filter, 2θ range: 5–60°, 2θ step: 0.03°, accumulation: 1 s).



The examination of the types of chemical bonds and composition of the films was performed by Fourier transform infrared (FTIR), Raman, and X-ray photoelectron spectroscopy (XPS).



The FTIR absorption spectra of the films were recorded using a SCIMITAR FTS 2000 spectrometer in the wavenumber range of 375–4000 cm−1. The FTIR equipment has a Duraglow light source, KBr beam splitter, and DTGS Peltier cooling element as a detector. Thirty-two scans and an aperture equal to 4 at an achievable resolution of 2 cm−1 were used during the measurements. In each case, the background spectrum of the Si substrate was subtracted from that of the sample. For the comparison of bonding density in all the FTIR spectra, the absorbance was normalized to the thickness of the appropriate film.



Raman spectra were recorded on a LabRAM HR Evolution Horiba spectrometer equipped with a multichannel CCD detector cooled with liquid nitrogen. The spectra were excited by a 632.8 nm He–Ne laser line with a power of about 1 mW on the sample surface. The spectral resolution of the spectrometer was established in the range of 2.4–3.8 cm−1.



XPS spectra were recorded on a photoelectron spectrometer ES-300 (KRATOS Analytical) in the constant energy transmission mode of an energy analyzer of photoelectrons. The radiation energy of nonmonochromatic AlKα of 1486.6 eV was used to excite the photoelectron spectra. An Au4f7/2 gold binding energy of 84.0 eV was used as a primary standard for the calibration of electron energies. For the analysis of the chemical state of the elements, the regions of the core levels of the elements B1s, C1s, O1s, N1s, and Si2p were surveyed with a scan interval of 0.1 eV. The spectra were deconvoluted by approximating the experimental curves by the Gauss–Lorentz functions. The thickness and refractive index of the films were determined by ellipsometry (LEF-3M ellipsometer) at the wavelength of 632.8 nm. The measurements were carried out at seven angles.



Optical transmittance of the films was measured using a scanning spectrophotometer UV-3101PC Shimadzu in the range of 190–2500 nm with a resolution of 2 nm. The study of the mechanical properties (hardness and Young’s modulus) of the films was performed by nanoindentation measurements (according to ISO 14577) with a scanning nano-hardness tester NanoScan-3D at several loads in the range from 1 to 70 mN, with at least 10 indents being made for each load to reduce the effect of the random error. For each load, the average values of hardness and Young’s modulus were calculated and the measurement error was determined as the standard deviation. Thus, the dependences of the effective hardness Hc(h) ± dHc and Young’s modulus Ec(h) ± dEc of the “film–substrate” system on the depth of the indenter introduction into the sample (h) were formed. To eliminate the substrate influence on the results of mechanical property measurements of the films and to average the experimental data, we used the model proposed by Korsunsky [45] to approximate the dependence of hardness, according to which:


   H c  =  H s  +    H f  −  H s    1 + k    (   h t   )   2    ,  








where Hs and Hf are the hardness of the substrate and the film, respectively, t is the film thickness, and k is a coefficient depending on the nature of the film deformation. To approximate the dependence of Young’s modulus, the empirical dependence proposed by Doerner and Nix was used [46,47], where:
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in which Es and Ef are Young’s modulus of the substrate and film, respectively, t is the film thickness, and k is the coefficient. The dependence of hardness and Young’s modulus on the indentation depth for the BCx sample is shown in Figure 1. To determine the average measurement error, the approximation was also carried out at the points Hc ± dHc and Ec ± dEc.





3. Results and Discussion


The influence of RF power supplied to the B4C target on the composition and properties of the as-grown BCx films was studied in this work. The thickness of the prepared films was 200–300 nm. Figure 2 shows the dependence of film growth rate on the B4C target sputtering power for series A. The growth rate of the films increased with increasing RF power (up to 7.3 nm/min at 150 W), which is typical for ion-plasma processes [20].



3.1. Film Structure, Composition, and Bonding Types


According to the SEM study, the surface of all the films was smooth, and no features were revealed, indicating that a change in power does not affect the morphology of the deposited layers and the films could be amorphous. This result was confirmed by the XRD data. The XRD patterns of all the films did not contain any reflexes (Figure S1). It is known that BCx films obtained by magnetron sputtering have an amorphous structure when synthesized up to 900 °C. [48].



The EDX analysis showed that the samples contained in their composition atoms of boron, carbon, and some oxygen. A small amount of nitrogen embedded in the films was observed; its amount does not exceed 3%. The oxygen probably came from the residual water or oxygen adsorbed in the reaction chamber during the deposition process and may be due to the film surface contamination after deposition during storage of the samples. The content of the elements in the as-grown films of series A is shown in Figure 3. It can be observed that an increase in the RF power applied to the B4C target resulted in a slight increase in the content of boron and carbon, and a decrease in the oxygen content. The same tendency of oxygen decreasing with increasing applied RF power was obtained by the authors of [20]. A decrease in the oxygen content in the film with an increase in the plasma power is explained by an increase in the particle energy, at which the probability of the collision of particles decreases [49]. As seen from Figure 3, the atomic ratio of boron to carbon is lower than the stoichiometry of B4C, which is consistent with the results of other investigations [49,50,51]. It should be noted that most authors of works where boron carbide films were deposited using a B4C target do not provide the data on the total elemental composition of these films or the ratio of B/C atoms, and do not mention the content of oxygen and nitrogen [48,52,53]. Table 3 presents atomic concentrations of dual-target sputtered samples of series B prepared using B4C and C targets in comparison with the A150 sample. The use of dual sputtering led to a significant change in chemical composition. The expected sharp increase in the carbon content in the film was observed. The atomic ratio of B/C equal to about 2/1 was obtained at a single sputtering of the B4C target, whereas at dual sputtering of B4C and C targets, the ratio of B/C equal to about 1/2 was obtained.



FTIR-spectroscopy was used for the study of chemical bonding. According to literature data, the spectrum of polycrystalline B4C has two bands near 1090 cm−1 (Eu) and 1580 (A2u) that are associated with vibrations of the icosahedron and chains connecting the icosahedra to each other, respectively [54,55,56]. The IR spectrum of amorphous boron carbide has a band at 1100 cm−1, which shifts to more than 1200 cm−1 for carbon-enriched a-B1-xCx films [32]. The absorbance bands associated with boron oxide appear in the IR-spectra at 1420 cm−1 (B–O stretching), 1280 cm−1 (B–O deformation), and 724 cm−1 (B–O deformation) [57]. The evolution of the FTIR spectra of the samples of series A is presented in Figure 4. The broad absorption bands with maximums in the region of 1152–1254 cm−1 are exhibited. With an increase of RF power applied to the B4C target from 50 to 150 W (Figure 4a), the maximum of the main band shifted to the region of low-frequency vibrations. This is apparently due to an increase in the proportion of B–C bonds. According to the EDX data, the concentration of boron and carbon rose with increasing power. The main peak of the A50 film spectrum can contain the contribution of B–O deformation vibrations that appeared at 1280 cm−1, which correlated with the EDX data on oxygen presence. Also, the FTIR spectrum of this sample contains a weak peak at 2554 cm−1 which corresponds to stretching vibrations of the B–H bond. The carbon-rich B75 and B100 samples prepared at dual magnetron sputtering (Figure 4b) also contain the broad absorption bands centered at 1230 and 1215 cm−1, respectively.



The Raman analysis of all the deposited BCx thin films revealed no vibrational modes corresponding to boron carbide (Figure 5) [58,59]. The Raman spectra of the carbon-rich samples of series B contain two broad bands corresponding to D and G modes of the amorphous carbon phase [60,61]. Whereas the G band is associated with the E2g in-plane graphite Raman active mode, the D band is a breathing mode of the A1g symmetry of the sixfold ring. Moreover, these bands were shifted to the left; this shift can be observed for BCx films due to amorphization and a decrease in the size of carbon particles [12]. It should be noted that the low intensity and broadening of the D and G bands indicate a strong carbon disordering. Thus, the carbon-rich samples contain carbon clusters. As noted above, according to the B–C phase diagram, solubility of carbon in B4C does not exceed 20 at.%. Therefore, carbon at higher concentrations should be expected to separate into an additional phase. On the other hand, there is information that this limitation is removed in amorphous boron carbide [62]. Despite the excess of carbon content compared with the permissible but not much higher (C = 25–30 at.%), the Raman spectra of the samples of series A did not show any peaks except for the Si substrate.



The analysis of B1s, C1s, N1s, and O1s the XPS spectra decomposed into components provides more detailed information on the chemical structure of the samples. The XPS spectra of the deposited films were recorded in order to reveal the effect of the power supplied to the RF magnetron using dual-target sputtering. It should be noted that XPS allows for the analysis of only ~9 nm of the film surface. XPS measurements were carried out without preliminary surface chemical etching or Ar+ sputtering to avoid preferential sputtering of B or C atoms. Therefore, the composition of the surface and the bulk material can be significantly different. Figure 6 shows the core level spectra of the B1s, C1s, and O1s of the A50, A150, and B75 films. The large width of XPS lines indicates a nonuniform chemical environment of boron and carbon atoms in the films. These peaks have complex structures and are superpositions of several components with different contributions.



The spectra of A150 and B75 show identical components with various intensities. Peaks in the region of 188.6–189.6 eV can be attributed to boron bonded to carbon in BCx. According to the literature data, the binding energies of B4C and BC3,4 compounds are 188.4 eV and 189.5 eV, respectively [63]. For the A150 sample, the maximum amount of boron in the film was found, and an increase in the component with Eb = 188.6 eV was observed. As the sputtering power is reduced, such a component is practically not observable in the XPS spectra. The peaks with binding energies in the region of 191–192.6 eV can be attributed to boron atoms bonded to carbon and oxygen atoms simultaneously; a component with a lower binding energy corresponds to the BC2O environment [64,65,66], with higher Eb to BCO2 [42,65,66]. Thus, low-power films have a strongly oxidized surface. According to the EDX analysis data, these films contain 19 at.% oxygen. It should be noted that the survey spectrum also contained the N1s peak, which indicates the presence of nitrogen in the films. Thus, a component near 191 eV can also be associated with B–N bonds [67]. The component with a binding energy of 193.4 eV apparently refers to boron atoms bound with oxygen [67,68]. In the C1s spectra, the two most intense peaks with binding energies of 283.0–283.7 eV and 285.3 eV are observed. The peak in the region of 283–284 eV corresponds to carbon atoms bound to boron [63,69]. The peak centered at 285 eV is, apparently, associated mainly with the C–C bonds. The high energy components (287.0 eV, 289.2 eV) could be attributed to the presence of carbon in the composition of different oxygen-containing groups. For the B75 and A150 samples, obtained with and without the carbon target, respectively, the peak intensity ratios corresponding to the C–C and C–B bonds are close. The decrease in the target power to 50 W led to the more significant contribution of the C–C bonds in comparison with the C–B bonds in the C1s spectrum. The O1s spectra can be fit to components at 532.5 eV, 533.2 eV, and 533.6 eV, assigned to O–C [70], O–B [71], and -OH [72] bonds, correspondingly. These values of Eb are typical for analogous systems [68]. However, it should be noted that the analysis of O1s spectra is associated with several difficulties, the main of which is the proximity of the energies of various oxygen-containing bonds in the studied system. As a result, the deconvolution into spectral components can only be qualitative.




3.2. Functional Properties of Films


The refractive index of the samples of series A varied in the range of 1.75–2.91 (Figure 7) and increased with increasing B4C target power. The rise of the refractive index is, apparently, associated with an increase in the proportion of B–C bonds in the films. The refractive index values of B75 and B100 films were equal to 2.43 and 2.62, respectively. Transmittance of the BCx film/fused silica structures was in the range of 60–75% in the visible region of spectra and increased with the decreasing B4C target power (Figure 8). Carbon-rich The BCx films exhibited a redshift of the absorption edge with increasing carbon incorporation. This obviously deals with the absorbance properties of carbon, the concentration of which is higher at higher power as was shown in Table 3. The optical band gap Eg was estimated as a result of absorption edge processing according to the Tauc law [73]. The Eg value decreased from 2.8 to 2.1 eV with increasing B4C target power. The lowest band gaps equal to 1.4 and 1.1 eV were reached for the B75 and B100 samples, respectively. These results are in good agreement with the literature data [20,74].



The hardness (Hf) and Young’s modulus (Ef) of the films of series A were 7–25 GPa and 100–230 GPa, respectively, and increased with increasing RF target power (Figure 9a). As seen from Figure 6 (B1s XPS spectra), higher values of sputtering power led to an increase in the proportion of B–C bonds. This suggests that in the films, the B–C bonding plays an important role in determining the mechanical property of the network due to the B–C bond being a more rigid covalent bond [75]. Unfavourable chemical bonds involving oxygen may be the possible origins of decreasing hardness and elastic modulus values with decreasing sputtering power values for the BCx films. It should be noted that, according to [37,76], the hardness and Young’s modulus of crystalline B4C are 25–40 GPa and 441–472 GPa, respectively, while the hardness and elastic modulus of amorphous BCx films with carbon concentrations of 21–44 at.% prepared by pulse DC MS at room temperature and a power of 130 W were comparable to our results and were equal to 18–29 GPa and 198–247 GPa, respectively [1]. Also, similar hardness values (20–28 GPa) were obtained for BCx films with carbon concentration changing from 19 at.% to 76 at.% deposited at 200 °C by pulse DC MS using B (880 W) and C (220–1750 W) targets [23], while boron carbide film prepared at 250 °C by DC MS (500 W) had a higher value equal to 34 GPa [21].



Unlike the films of series A, films of the series B had lower hardness values equal to 13–16 GPa (Table 4). Apparently, in the case of dual sputtering, the appearance of an additional phase of carbon, which was recorded by Raman spectroscopy, led to a decrease in the hardness value. According to the conclusions of the review [77], changes in hardness, as well as in other functional properties, depend on the carbon content in the homogeneity region of boron carbide. It should be emphasized that the maximum hardness was observed at a stoichiometric composition, and, for nonstoichiometric B4C materials (B/C > 4), decreased with increasing boron content. On the other hand, the hardness of BCx (B/C < 4) also decreased in the presence of free carbon in the films [78].



As an effective way to determine the elastic limit for surface contact, the elasticity index (H/E) is widely used [79]. Also, the material resistance to plastic deformation is described by the plasticity index (H3/E2), which means that the higher the value of H3/E2, the more difficult will be the shear steps [80]. In addition, the fracture toughness of a thin solid film can also be described in terms of measured hardness and Young’s modulus as H3/E2 ratio [79]. Therefore, these two parameters are undoubtedly important for preventing wear and the coating with optimized hardness, H/E, and H3/E2 are expected to exhibit exceptional wear resistance. Figure 9b illustrates that the elasticity index H/E and plasticity index H3/E2 of the BCx films reached the maximum value at 125 W of B4C target power.



Although the nanoindentation tests showed that the increase of C content in the coatings causes the decrease in their hardness, the H/E ratio of carbon-rich amorphous boron carbide coatings is rather high (about 0.1). Therefore, carbon-rich amorphous BCx coatings have potential as wear-resistant materials.





4. Conclusions


Amorphous BCx films with tailored carbon concentration were deposited by single and dual magnetron sputtering procedures on Si (100) and fused silica substrates at room temperature in ambient argon gas. A B4C target and C target were operated using an RF signal and a DC signal, respectively. The power on the B4C target was changed from 50 W to 150 W. The C target was operated at 75 W and 100 W. The dependences of the film properties on the target power were studied. The chemical composition of the BCx films was changed in the region of 0.5 ≤ x ≤ 2, wherein the composition of the films sputtered from the B4C target was weakly dependent on the target power. The deposition rate strongly depends on the power supplied to the B4C target. Depositions with the dual sputtering resulted in amorphous carbon phase incorporation into the boron carbide films. The transparency study of the BCx film showed that it depends on the above-mentioned experimental parameters. By tuning the B4C target power from 50 to 150 W, the BCx films exhibited carbon concentration change from 20 to 30 at.% and hardness and Young’s modulus of these films changed from 7 GPa to 25 GPa and from 100 GPa to 230 GPa, respectively. The maximum hardness, elasticity, and plasticity indexes of the BCx films were reached at the higher B4C target power. The results of optical and mechanical research have shown that the BCx films synthesized under “soft” conditions, namely at room temperature and with low sputtering powers (100–150 W), can be useful in optical applications in harsh environments.
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Figure 1. Dependence of (a) hardness and (b) Young’s modulus on the indentation depth for the BCx films. 
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Figure 2. Deposition rate of the boron carbide films as a function of B4C target power. 
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Figure 3. B, C, and O elemental composition of boron carbide films versus RF power at B4C target. 
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Figure 4. FTIR spectra of samples of (a) series A and (b) series B. 
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Figure 5. Raman spectra of boron carbide films. 
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Figure 6. (a) B1s, (b) C1s, and (c) O1s core-level spectra of A50, A150, and B75 films. 
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Figure 7. Refractive index of samples versus B4C target power (series A). 
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Figure 8. Effect of (a) B4C target power and (b) C target power on transmittance of samples. 






Figure 8. Effect of (a) B4C target power and (b) C target power on transmittance of samples.



[image: Applsci 11 09896 g008]







[image: Applsci 11 09896 g009 550] 





Figure 9. Dependences of (a) hardness (black line), Young’s modulus (red line), and (b) the elasticity index H/E and plasticity index H3/E2 of samples on B4C target power (series A). 
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Table 1. Selected literature data on the formation of boron- and carbon-rich boron carbide.
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	Type of

Boron Carbide
	Deposition Method
	Precursor/

Source
	Temperature, °C
	Chemical

Composition
	Ref.





	B-rich
	Calculation
	–
	–
	B13C2
	[33]



	B-rich
	Laser CVD
	B(OCH3)3
	–
	B8C
	[15]



	B-rich
	Hot pressing
	B4C, B
	1900–2200
	B4.2C, B5.6C B7.6C
	[34]



	B-rich
	Hot pressing
	B4C, B
	1900–2200
	B4.6C, B6.5C, B7.8C, B10.2C
	[35]



	B-, C-rich
	CVD
	B(C2H5)3
	700–1200
	B4.5C, B1.9C, BC11.5
	[14]



	B-, C-rich
	PLD
	Sintered BC
	–
	B2.9–4.6C
	[25]



	B-, C-rich
	CVD
	BCl3, CCl4
	1000–1275
	B0.95-0.65C0.04-0.35
	[39]



	C-rich
	Calculation
	–
	–
	B0.67-0.80C0.33-0.20
	[38]



	C-rich
	CVD
	B(CH3)3
	700–1100
	B0.29-0.75C0.71-0.25
	[36]



	C-rich
	CVD
	BCl3, C3H6
	900
	BC19, BC9, BC5, B3C7, BC
	[37]



	C-rich
	Calculation
	BCl3, CH4
	950–1000
	–
	[40]



	C-rich
	MS
	B, C
	200
	B0.81C0.19, B0.44C0.56, B0.24C0.76
	[23]
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Table 2. Experimental conditions for magnetron sputtering of samples.
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Series

	
Sample

	
B4C Target Power, W

	
C Target Power, W






	
A

	
A50

	
50

	
–




	
A75

	
75

	
–




	
A100

	
100

	
–




	
A125

	
125

	
–




	
A150

	
150

	
–




	
B

	
B75

	
150

	
75




	
B100

	
150

	
100
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Table 3. Elemental composition of dual-target sputtered samples of series B.
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Sample

	
Atomic Concentration, at.%




	
B

	
C

	
O






	
A150

	
66

	
30

	
4




	
B75

	
51

	
44

	
5




	
B100

	
27

	
68

	
5








Note: The absolute uncertainty of all values is ± 5%.
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Table 4. Mechanical properties of dual-target sputtered samples of series B.
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	Sample
	Hardness, GPa
	E, GPa
	H/E
	H3/E2, GPa





	B75
	13.2 ± 2.2
	152 ± 26
	0.09
	0.10



	B100
	16.3 ± 1.5
	214 ± 35
	0.08
	0.09
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Refractive index
5 % 5 &

=
@

e
o

50

60

70 80 90 100 110 120 130 140 15

B,C RF power (W)






media/file4.png
Growth rate (nm/min)

—
|

o

50 60 70 80 90 100 110 120 130 140 150

RF Power (W)






nav.xhtml


  applsci-11-09896


  
    		
      applsci-11-09896
    


  




  





media/file18.png
w
o
w
o
o

Hardness (GPa)

25 -

- 250
20

- 200
5
04 - 150
5

- 100

—T - T - 1 - 1 1 T 1T "~ T - 1T T 1T
40 50 60 70 80 90 100 110 120 130 140 150 160

B,C RF power (W)

(a)

Young's modulus (GPa)

H/E
HY/E? .

0.00

40 50 60 70 80 90 100 110 120 130 140 150 160

B,C RF power (W)

(b)






media/file16.png
Transmittance (%)

90 —
80 —
70
60 ——A75

-~ —— A125
00 —— A150
30
20 -

10

of—T———7T—T—T—T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

A (nm)

(a)

Transmittance (%)

60 -
50
40
30
20

10

—B75
——B100

O I d I s I & I d I J I 4 I g I 4 1 2 I = I g I
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

A (nm)

(b)






media/file2.png
30

N
()}
]

Hardness (GPa)

. 0.1 1 |
Contact Depth / Film thickness

(a)

10

Young's modulus (GPa)

300

250

200 -

150

100

| 0.1 1 -
Contact Depth / Film thickness

(b)

0.01

10





media/file5.jpg
Concentration (at.%)

100

2 N 8 g
S 3 8

A —1—s

Cc

P
5 S 8 8 3

[0}

50 60 70 80 90 100 110 120 130 140 150 160

RF Power (W)

)






media/file3.jpg
©

Growth rate (nm/min)

o

50

60

70 80 90 100 110 120 130 140 15

RF Power (W)






media/file1.jpg
e
H

]

Hardness (GPa)
5

Young's modulus (GPa)
[

Contact Depth / Film thickness Contact Depth / Film thickness

(a) (b)





media/file7.jpg
i

s

Joro

F H
8ly ] H 2=
- o -'s
-
3. 2
. = .

Wavenumber (cm')

(@)

Wavenumber (cm™)
(b)





media/file10.png
—

o

o

o

o
|

Intensity (a.u.

12,000 -

8000;
6000;
4000;
2000;

0

Si

B75

B100
A150

— 71T r T - T 1T ~ T ~ 1T "~ 1T "~ 1T * 1T
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)





media/file12.png
! i T i T . T i T i 1
186 188 190 192 194 196

Binding energy (eV)

285.3
C1s| 2832

B75

A150
-

A50

T

d I K T i T N T ¥ T ¥ T %
280 282 284 286 288 290

Binding energy (eV)

292

533.2

A50

I
528

530 532 534 536 538

Binding energy (eV)

(a)

(b)

(c)






media/file9.jpg
12,0004 Si

8000

6000

B75
4000

Intensity (a.u.

20004 B100
A150
0

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm™)






media/file0.png





media/file14.png
Refractive index

o
(9)
]

o
o

50

60

v I ¥ T i T T T T
70 80 90 100 110 120 130 140

B,C RF power (W)

v I
150






media/file8.png
"
0
(q\]
~—~ 10,000 -~ ~
> ]
S 8000- =
O} 1 A <
8 60004 N 10
@ | ™~ N
o
S 4000+ 4 AS0
A /AWW\_\,
(7)) ] /S A75
Q e N st v AN I P P 0o NN
<C 2000 -J“ A100
/ \ ~IA125
O_ T 1 1 T 1 ' 1 T 1 T 1 A15O
500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

(a)

5000

)

= 4000 A

3000 -

N

o

o

o
1

Absorbance (a.u

1113

1230

il

B75

B100

. , .
1000

T .
1500

T .
2000

T .
2500

T .
3000

Wavenumber (cm™)

(b)

I
3500





media/file11.jpg
Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

(a)

(b)

()





media/file6.png
Concentration (at.%)

100

90 -

80 -

701
_ 1

60 - {/}/' 1 IL’/’\} B

50 -

401

301 C

20 -+

10 -

O
o+—r———¥7

50 60 70 80 90 100 110 120 130 140 150 160

RF Power (W)






media/file15.jpg
g
S ~

— s 2w

e "

s 2 —n
Ew e
g

2 T o e

(a)

2 (nm)

(b)






media/file17.jpg
Y
%

L]

8 8

]

]

“(ed9) ;3GH TH

(ed9) sninpow 5,6unox

H

LERE

P

!

|

5

ERENEE)
(ed9) sseupiey

B,C RF power (W)

B,C RF power (W)

(b)

(a)





