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Abstract

:

Epitaxial (100) TiC film deposition on Si (100) substrate by direct current magnetron reactive sputtering of a metallic Ti target with 3%–6% CH4 in Ar gas was investigated. X-ray diffraction and cross-sectional scanning transmission electron microscopy (STEM) reveal that epitaxial cubic TiC can be grown on the Si substrate by domain matching epitaxy in 5/4 ratio with the epitaxial relationship of TiC (100)[0  1 ¯  1] // Si (100)[0  1 ¯  1]. For sputtering with 3% and 4% CH4, the deposited films are found to consist of both TiC and metallic Ti phases. Increasing the CH4 flow ratio to 5% results in a deposited film completely consisting of TiC without metallic Ti phase. The crystallinity of the deposited TiC is also improved with increasing the CH4 ratio to 5%. X-ray photoelectron spectroscopy shows that the [C]/[Ti] atomic ratio in TiC is nearly close to 1 for growth with 5% CH4 flow ratio and above. The measured electrical resistivities of the deposited films also increase from 41 to 153 μΩ·cm with increasing the CH4 ratio from 3% to 6%. With film growth beyond 50 nm thickness, it is shown that some disoriented TiC grains are formed.
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1. Introduction


Titanium carbide (TiC), as one of the transition metal carbides, has excellent properties such as high melting point, high hardness, low resistivity, high thermal stability, and chemical inertness, as well as good resistance to corrosion and oxidation [1,2]. TiC has a rock salt structure (a = 4.328 Å) and maintains its structure in an extremely broad range of composition (TiCx, 0.47 ≤ x ≤ 0.99) [1,2,3]. Owing to those superior properties, polycrystalline TiC films can be used as wear-resistant coating, passive layers, electrodes, field emission cathodes, and metal contact for semiconductor devices [4,5,6,7,8,9,10]. Moreover, applications for epitaxial TiC in the field of high power electronic devices, buffer layers, and seeding layers have been recently reported [11,12,13,14,15].



TiC coatings have been prepared by physical vapor deposition and chemical vapor deposition processes, including magnetron sputtering, pulsed laser deposition, evaporation, and plasma-assisted chemical vapor deposition [16,17,18,19,20,21]. Among these methods, reactive sputtering has several advantages such as high deposition rate, low impurity content, and it has been widely used for cost-effective industrial production [22].



To obtain epitaxial TiC films, single crystals of MgO, SiC, and Al2O3 which are expensive in large area have been used as substrates [14,17,18,20,23]. However, Si wafers which are easily available in large size with low cost may be able to be used as the substrate for epitaxial growth of TiC to extend its applications in many fields. Even though the lattice mismatch between TiC and Si is ~20% which is much larger than that for conventional heteroepitaxy which requires a small value usually less than 9%, it is still possible for epitaxial growth of TiC on Si by domain matching epitaxy (DME) as already demonstrated in many material systems such as TiN on Si [24].



Epitaxial growth of TiC films by reactive magnetron sputtering at relatively high temperature may be beneficial for obtaining high crystalline film quality [18,23]. However, epitaxial growth of TiC on Si substrate by reactive magnetron sputtering, as well as the influence of CH4 flow ratio, has rarely been reported in the literatures [25]. For growth of epitaxial TiC on Si at higher temperature, a few issues have to be addressed such as SiC formation in competition with TiC under carbon-rich conditions in addition to the reaction of Ti with Si to form silicides or Ti–Si–C compound above 1000 °C [26,27,28]. Also, it is known that the formation of graphite and amorphous C may occur by reactive sputtering with carbon-containing gas in high concentration [29].



In this study, we present the results of heteroepitaxial growth of TiC film on Si (100) substrates by reactive magnetron sputtering at high deposition temperature. The influence of the CH4 flow ratio on crystalline quality, surface morphology, elemental composition, and electrical resistivity of TiC film on Si is investigated. Also, the characteristics of the TiC/Si interface and the evolution of film microstructure with thickness are presented.




2. Material and Methods


TiC films were deposited on 1 × 1 cm2 p-type (100) Si substrates by reactive direct current (DC) magnetron sputtering of a metallic Ti target in a discharge of Ar (99.9999% purity) and CH4 (99.999% purity) atmosphere. The Ti target of 99.995% purity (Summit-Tech, Taiwan) was fabricated from vacuum melting technique and had a disk shape in a size of 2 inches in diameter and 6 mm thickness. The Si substrates were cut from 6 inch p-type Si (100) wafers in 600 μm thickness (1–5 Ω·cm resistivity). The substrates were cleaned in ultrasonic baths of acetone, methanol, and ethanol. The Si surface oxide layer was removed by using a 6% hydrofluoric acid aqueous solution, followed by blown dry with dry N2 gas before placing it into the vacuum chamber. After evacuation to a pressure <2.66 × 10−4 Pa, the stage was heated to 870 °C for 30 min to reduce the residual gas contamination in the chamber.



Prior to deposition, pre-sputtering of the Ti target was first carried out with pure Ar plasma to remove any surface contamination, and a clean vacuum condition was consequently obtained due to the gettering effect of sputtered Ti atoms. The gas mixture of CH4 and Ar was then used for sputtering, and the flow ratio of CH4/(Ar + CH4) was varied from 3% to 6% (hereinafter referred to as “CH4 flow ratio” or “CH4 ratio”). The deposition time for all conditions was 15 min, and an additional sample was prepared in the condition for 5% CH4 and 6 min. The working pressure was maintained at 0.4 Pa. For all the sputtering conditions, the distance between the Ti target and Si substrate was set at 6 cm, the applied DC power was fixed at 50 W, and the deposition temperature was 870 °C.



Structural properties of the deposited films were investigated with X-ray diffraction (XRD) (D8 DISCIVER, BRUKER, Billerica, MA, USA). For general XRD characterization, Cu Kα radiation was used for 2θ-ω scan with step size of 0.02°, in-plane scan with 0.002°, and ϕ-scan with 0.5°. For high-resolution XRD, monochromatic X-ray of Cu Kα1 was used for 2θ-ω and ω (X-ray rocking curve) scans with step size of 0.002°. Surface morphologies of the deposited films were examined with scanning electron microscopy (SEM) (JSM-7800F Prime, JEOL, Akishima, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) (PHI QuanteraII, ULVAC-PHI, Chigasaki, Kanagawa, Japan) with a monochromatic Al Kα radiation source was used to determine chemical compositions. Electrical resistivities of the deposited films were measured by using four-point probe. Microstructural characterization of the films was examined with cross-sectional transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) (ARM200F, JEOL, Akishima, Tokyo, Japan) at 200 kV. Cross-sectional TEM specimens were prepared by Ga+ focused ion beam (FIB) (NX2000, HITACHI, Chiyoda, Tokyo, Japan).




3. Results and Discussion


3.1. Influence of the CH4 Flow Ratio on Film Characteristics


Figure 1 shows typical XRD 2θ-ω patterns of the deposited films grown on Si (100) substrates for 15 min with the CH4 flow ratio varying from 3% to 6%. The diffraction peaks identified at 2θ values ~41.7°and ~90.8° are corresponding to TiC 200 and TiC 400 reflections, respectively [30], in addition to Si 400 at 69.129°. The additional peak at 40.17° which is only observed for the CH4 flow ratio of 3% and 4% is from 10  1 ¯  1 reflection of hexagonal-close-packed (hcp) Ti. While the intensity of the Ti (10  1 ¯  1) peak decreases with the CH4 flow ratio, the TiC (200) peak is seen to have an increased intensity. The results suggest that more C atoms may be available for reaction with Ti to form TiC when the CH4 flow ratio is increased.



As the XRD patterns show that TiC in each deposited film only exhibits 200 and 400 reflections, the deposited TiC is obviously in <100> orientation on (100) Si substrate. XRD ϕ-scans of all the TiC films deposited on Si (100) substrate were then performed with Si 311 and TiC 311 reflections to determine the orientation relationship of TiC with Si. All the ϕ-scan patterns of the TiC films exhibit the same characteristics as typically shown in Figure 2 obtained from the condition with 5% CH4. Each pattern shows four peaks separated by 90° at the same ϕ angles for both TiC and Si, indicating that TiC is in epitaxy with Si. The orientation relationship is shown to be TiC (100)[0  1 ¯  1] // Si (100)[0  1 ¯  1].



Figure 3a shows the variation of the TiC (200) X-ray rocking curves (XRC) with CH4 flow ratio from which the full width at half maximum (FWHM) for 3%, 4%, 5%, and 6% CH4 is 3.81°, 3.44°, 1.66°, and 2.24°, respectively, as plotted in Figure 3b. The FWHM results suggest that the crystalline quality of TiC may be improved with increasing CH4 flow ratio.



For the samples deposited with 5% and 6% CH4, the peak position of TiC 200 reflection from high resolution XRD is at the 2θ value of 41.766° and 41.780°, respectively, and for TiC 400 reflection at the 2θ value of 90.907° and 90.982° after calibration with Si 004 peak from Cu Kα1 X-ray. From those 2θ values with the corresponding interplanar spacings determined from the Bragg’s law, the out-of-plane (a⊥) lattice parameter is 4.323 ± 0.001 Å for 5% CH4 and 4.321 ± 0.001 Å for 6% CH4, showing that it shifts to a slightly lower value with CH4 flow ratio. In order to determine the relaxed lattice constant (ao), in-plane diffraction of TiC 022 reflection has been carried out to deduce the in-plane (a‖) lattice parameter. To perform in-plane diffraction scan, the samples were tilted to a χ angle of 89°, 2θ and ω angles were aligned with Si 022 reflections from Cu Kα1 and Kα2 X-rays. After the alignment procedure, 2θ-ω scans were performed from 45° to 65° to obtain TiC 022 reflection as shown in Figure 4.



As can be seen, the TiC peak appears almost at the same 2θ angle in both in-plane patterns within experimental error after calibration with Si peaks. Also, the corresponding interplanar spacing of TiC (022) can be obtained after curve fitting to deconvolute the contribution from Cu Kα1 and Kα2 X-rays. Thus, the in-plane (a‖) lattice parameter is determined to be 4.343 ± 0.002 Å for both 5% and 6% CH4 cases. For a cubic structure, the relaxed lattice parameter, ao, can be determined from Equation (1) [31]


   a 0  =  a ⊥   (  1 −   2 v  (   a ⊥  −  a ∥   )     a ⊥   (  1 + v  )     )   



(1)




where ν is the Poisson’s ratio, and the equation can be derived by Formula (1.23) in [32]. From the literature, 0.19 is used for v [1]. After substituting the values of a⊥ and a‖ into Equation (1), ao is calculated to be 4.329 and 4.328 Å for 5% and 6% CH4 samples, respectively. It is known that TiCx is a substoichiometric compound with x ≤ 0.99 as illustrated in the equilibrium Ti−C binary phase diagram, and its lattice parameter decreases with increased x in the range of 0.85 ≤ x ≤ 0.99 [1]. Hence, the lattice parameter of 4.329 Å for TiCx may correspond to x = 0.96, and the value of 4.328 Å for x = 0.99. For sputtering with 6% CH4 condition, it may be reasonable for the TiC film to be enriched with C, i.e., x is closer to 1 in comparison with the 5% CH4 condition which has less C available during sputtering. Also, the slightly smaller TiC lattice parameter for the 6% CH4 sample leads to a larger deviation from the 5/4 DME ratio between TiC and Si [(4.328 × 5)/(5.431 × 4) = 0.9961 is further away from 1 than (4.329 × 5)/(5.431 × 4) = 0.9964], such that it may result in a lower film quality as shown with a larger XRC FWHM value than that for 5% CH4.



SEM micrographs as shown in Figure 5 reveal the surface morphology for different CH4 flow ratios. With increasing the CH4 ratio, the coalescence of the film is more complete with a smooth surface morphology without cavities. The film thickness determined by cross-sectional SEM observations for 3%, 4%, 5%, and 6% CH4 ratio is 246, 167, 130, and 148 nm, respectively (not shown). The thickness significantly reduces from 246 nm to 130 nm when the CH4 ratio is increased from 3% to 5%. Further increasing the CH4 ratio to 6% slightly increases the thickness. For the decrease of the deposition rate with CH4 ratio (3% to 5%), it can be reasoned with carbide formation on the target surface with lower sputter yield similar to compound formation on the metallic target for reactive sputtering with oxygen and nitrogen [33,34]. However, in the case of CH4/Ar system, an additional carbon layer may further form with the carbide layer on the target surface under a high CH4 condition. As the carbon layer has a higher sputter yield than carbide, it may raise the deposition rate for further increasing the CH4 ratio from 5% to 6% [35,36].



For the samples deposited with 3% and 4% CH4, XPS spectra for C-1s and Ti-2p after sputtering etching for 6.5 min are shown in Figure 6. In Figure 6a, the C-1s peak of binding energy at 281.6 eV can be attributed to the Ti−C bonds in TiC, and the absence of sp2 C peak at 284.6 eV clearly indicates that formation of graphitic and amorphous carbon phases in the deposited film can be neglected. In Figure 6b, the Ti 2p3/2 and 2p1/2 peaks can be deconvoluted into those of metallic Ti and TiC after curve fitting as the following. The peaks at 453.8 eV and 454.6 eV represent Ti-2p3/2 from metallic Ti and TiC, and the peaks at 459.8 eV and 460.6 eV are associated to Ti-2p1/2 from metallic Ti and TiC [37,38], respectively. The results confirm the presence of metallic Ti in the deposited films for 3% and 4% CH4 conditions shown in the above XRD results. Also, several studies have reported that the Ti 2p3/2 binding energy of TiCx (x = 0.86–0.97) increases with increasing x [39,40]. With respect to the binding energies of metallic Ti, the shift of 2p3/2 binding energies in TiCx is shown to be 0.8 eV for both of 3% and 4% CH4 conditions, which can be corresponding to x = 0.95.



For 5% and 6% CH4 conditions, the XPS results can show that the deposited films are fully consisted of TiC as shown in Figure 7 for the depth profile and spectra of C, Ti, and Si obtained at different depth (6% not shown). The XPS depth profile in Figure 7a shows that nearly 43% oxygen concentration on the surface, suggesting that TiC has been partially oxidized. The thickness of the surface oxide is estimated to be less than 5 nm. The [C]/[Ti] ratio in relative atomic fraction is almost constant with depth in the film, implying that the film composition is uniform. Figure 7b–d show C-1s, Ti-2p, and Si-2p XPS spectra from the same sample with different sputter etching time corresponding to different depths. In Figure 7b, the C-1s spectra for 5% CH4 show the same characteristic of Ti–C binding energy at 281.6 eV as those of the 3% and 4% CH4 samples (Figure 6a), suggesting that only the TiC phase is present in the film without graphitic and amorphous carbon phases. In Figure 7c, the Ti-2p spectrum obtained before surface cleaning exhibits two groups of Ti-2p3/2 and Ti-2p1/2. In addition to the binding energies at 454.6 and 460.6 eV for Ti–C bonds in TiC, the Ti-2p3/2 component at 458.6 eV corresponds to Ti–O bond in TiO2, and it is not observed after Ar sputtering for 0.5 min [41,42]. The co-existence of both TiO2 and TiC on the film surface suggests that the TiC film has been partially oxidized after exposure to air. Moreover, all the Ti binding energies in the spectra obtained after Ar sputtering for 0.5 min and 12.8 min can be attributed to TiC instead of metallic Ti. The evidence supports the XRD results that the film consists of TiC phase only. The Si-2p spectrum recorded around the interface (after 12.8 min of sputter etching) as shown in Figure 7d, reveals only one peak at 99.2 eV which corresponds to Si–Si binding energy without Si–C one, suggesting that no SiO2, SiC, Ti silicide, and TiSiC form at the TiC/Si interface. Compared with standard formation enthalpy of β-SiC (ΔH298 = −28.03 kJ/mol), it can be understood that TiC (ΔH298 = −184.6 kJ/mol) is more thermodynamically stable [26,43]. In addition, it has been reported that the formation of Ti5Si3 and Ti3SiC2 often occurs above 1000 °C [44,45]. Therefore, no binding signals from SiC and Ti-related silicide at the TiC/Si interface can be observed in XPS spectra shown above.



From the XPS results obtained from all the films, the elemental compositions of the TiC films in relative atomic fraction versus CH4 flow ratio are presented in Figure 8. The atomic fraction of titanium [Ti] for metallic Ti and TiC was determined from the ratio of the integrated intensity for Ti-2p3/2 peaks in Figure 6. The relative [C]/[Ti] ratio is nearly close to 1 in TiC, and the [Ti] of metallic Ti decreases and disappears with increasing the CH4 ratio from 3% to 6%. The higher [C]/[Ti] ratio for 6% CH4 than that for 5% CH4 is consistent with the composition deduced from lattice parameter. From the above results, formation of TiC by sputtering deposition requires a CH4-rich condition, and more CH4 can result in higher stoichiometry (i.e., increase in x).



Figure 9 shows that the electrical resistivity of the film deposited with different CH4 flow ratio increases from 41 to 153 μΩ·cm with increasing the CH4 ratio. The low resistivity is clearly due to the presence of the Ti metal as shown from the XPS and XRD results. Without metallic Ti, the film resistivity of TiC compound is above 120 μΩ·cm similar to the values of epitaxial TiC film and single crystal TiC reported by [23,46,47]. Also, by comparison of the resistivities of both films deposited with 5% and 6% CH4, it is shown that better film quality (lower XRC FWHM) results in a lower resistivity.




3.2. Evolution of Microstructure with Film Thickness


The samples grown with 5% CH4 which exhibit better crystallinity are chosen for further study of the effect of film thickness on the microstructure. For the sample with deposition time for 6 min, the XRD 2θ-ω pattern (not shown) is similar to that of the sample for 15 min deposition in Figure 1, exhibiting only 200 and 400 TiC reflections, and the ϕ-scan shows TiC in epitaxy with Si as well. Furthermore, the measured TiC (200) XRC FWHM is 1.95°, and the electrical resistivity is 97 μΩ·cm. Figure 10a shows a typical cross-sectional bright field (BF) TEM image taken along the Si [0  1 ¯  1] zone axis from the 6 min sample. From image contrast, three layers corresponding to the surface coating of C and Pt, TiC, and Si from top to bottom can be clearly identified, respectively. The thickness of TiC is approximately 50 nm, which gives an average deposition rate about 8 nm/min. The image contrast in the TiC film is uniform, implying that TiC of the whole area is grown in the same orientation. Figure 10b is a typical annular dark field (ADF) STEM image (Z-contrast) of the TiC/Si interface in atomic resolution (enlarged from the red framed region in Figure 10a) after applying the Wiener filter to reduce image noise. It shows the Z-contrast across the TiC/Si interface, where the bright and gray dots correspond to Ti and Si atomic columns, respectively. The projected atomic configurations of TiC and Si structure models are also illustrated in the image. As can be seen, the TiC/Si interface structure is seen to be flat with steps of one and two atomic layers. According to the arrangement of Ti and Si atomic columns in the ADF-STEM image, five {022} spacings (Ti atomic columns) in TiC match with four {022} spacings in Si as the white lines drawn in Figure 10b. Thus, even though there is a large lattice mismatch of about 20% between TiC [011] (d011 = 3.071 Å) and Si [011] (d011 = 3.840 Å), the epitaxial growth of TiC on Si can be reasoned with DME [24] in the ratio close to 5/4. Figure 10c shows the fast Fourier transform (FFT) patterns from TiC and Si, indicating TiC [0  1 ¯  1] // Si [0  1 ¯  1] with TiC (100) // Si (100) in consistence with the epitaxial relationship deduced from the XRD results.



Figure 11a presents a typical cross-sectional BF TEM image of the sample with deposition time for 15 min. The thickness of TiC layer is about 130 nm. For the film growth to about 50 nm thickness, the image contrast and atomic resolution ADF-STEM image observations near the TiC/Si interface (not shown) exhibit similar characteristics to those shown in Figure 10. However, for the film regions above 50 nm thickness, it is clearly seen that diffraction contrast of the image in the TiC layer are varied. The bright regions in a shape like an inverted triangle may be highly tilt or misoriented grains of TiC for which they do not show any reflections in the XRD pattern. In Figure 11b, a typical high resolution TEM image obtained from one of such grains as shown in Figure 11 with the corresponding FFT pattern (Figure 11c) illustrates that it is in an orientation approximately inclined with ~15° from <111>. Such highly misoriented grains may not be observed in the XRD patterns. The appearance of those misoriented grains after growth of a thicker film can be reasoned with relaxation of increased stresses in the film [48,49,50,51,52,53]. It has been often observed in growth of <100> transition metal nitrides of rock salt structure including TiN for which formation of <111> oriented grains occurs after a thicker film is grown with the accumulated film stress in a large extent [54,55,56]. Therefore, the higher electrical resistivity of the thicker film is likely caused by those misoriented grains.





4. Conclusions


Heteroepitaxial growth of TiC film on Si (100) substrate can be achieved by DC reactive magnetron sputtering with 3%–6% CH4 in Ar. A cube-on-cube epitaxial relationship of TiC (100)[0  1 ¯  1] // Si (100)[0  1 ¯  1] exists between TiC and Si with 5/4 ratio for domain match across the interface. The relatively smooth surface morphology can be obtained by increasing CH4 flow ratio. At lower CH4 flow ratio, the metallic hcp Ti phase is present in the deposited films which can have a resistivity as low as 41 μΩ·cm, and it is not observed for growth with high CH4 flow ratio which results in the fully formed TiC films exhibiting a high resistivity more than 120 μΩ·cm. Also, the crystalline qualities of epitaxial TiC can be improved by increasing the CH4 flow ratio as shown with the XRC FWHM of TiC (200) from which for the film grown with 5% CH4 exhibits the best quality with a minimum of 1.66°. For the film growth to the thickness exceeding 50 nm, some highly misoriented TiC grains are observed.
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Figure 1. X-ray diffraction (XRD) 2θ-ω patterns of TiC films deposited on Si (100) substrates for different CH4 flow ratios. 
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Figure 2. XRD φ-scan patterns of TiC 311 and Si 311 reflections for 5% CH4. 
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Figure 3. (a) X-ray rocking curves (XRC) of TiC 200 reflection for different CH4 flow ratios and (b) variation of the XRC full width at half maximum (FWHM) with CH4 flow ratio. 
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Figure 4. In-plane XRD 2θ-ω patterns of TiC 022 reflection with inset showing the corresponding pattern of Si 022 reflection. (a) 5% CH4 and (b) 6% CH4. Curve fitting showing the peaks of TiC from Cu Kα1 and Kα2 X-rays in a 2/1 ratio for the corresponding integrated intensity. 
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Figure 5. Scanning electron microscopy (SEM) micrographs of the samples grown with different CH4 flow ratios. (a) 3%, (b) 4%, (c) 5%, and (d) 6%. 
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectra for (a) C-1s and (b) Ti-2p after sputter etching for 6.5 min. The intensity has been normalized. 
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Figure 7. XPS data for 5% CH4. (a) Depth profile, and spectra showing (b) C-1s, (c) Ti-2p, and (d) Si-2p at different depth in the TiC film. The intensity has been normalized. 
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Figure 8. Relative atomic concentration of Ti and C in deposited films as a function of CH4 flow ratio. 
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Figure 9. Electrical resistivity versus CH4 flow ratio. 
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Figure 10. (a) Cross-sectional BF TEM image of the TiC layer on Si for the 5% CH4/6 min sample; (b) Atomic resolution scanning transmission electron microscopy (STEM)-ADF image of the TiC/Si interface (the red box in Figure 10a) (after Wiener filtering) showing Z-contrast. Bright and gray dots correspond to Ti and Si atomic columns, respectively. Projected atomic configurations of TiC and Si structure models are shown in the image. The white lines illustrating the domain matching epitaxy (DME) relationship with 5/4 ratio. Zone axis // TiC [0  1 ¯  1] // Si [0  1 ¯  1]; and (c) fast Fourier transform (FFT) patterns of TiC and Si. 
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Figure 11. (a) Cross-sectional bright field (BF) STEM image of the TiC layer on Si for the 5% CH4/15 min sample; (b) STEM-ADF image from a top bright disoriented grain in (a) with the FFT pattern shown in (c). 
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