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Abstract


PECVD SiC:H (SiCN:H) films were produced using tetramethylsilane (TMS) as a precursor in a mixture with inert helium or ammonia as a source of nitrogen. Mild plasma conditions were chosen in order to prevent the complete decomposition of the precursor molecules and promote the incorporation of the fragments of precursor into the film structure. The effect of deposition temperature and composition of gas mixture on the chemical bonding structure, elemental composition, deposition rate, and optical properties (transmittance, optical bandgap, and refractive index) of films have been examined. Use of the chosen deposition conditions allowed them to reach a relatively high deposition rate (up to 33 nm/min), compared with films produced in high plasma power conditions. Use of ammonia as an additional gas led to effective incorporation of N atoms in the films. The composition of the films moved from SiC:H to SiN:H with increasing of ammonia content to P(NH3)/P(TMS) = 1. The refractive index and optical bandgap of the films varied in the range of 1.55–2.08 and 3.0–5.2 eV, correspondingly, depending on the film composition and chemical bonding structure. The effect of treatment of SiCN films deposited at 400 °C by plasma of He, O2 or NH3 were studied by X-ray photoelectron spectroscopy, atomic force microscopy, and contact angle measurements. It was shown that plasma treatment significantly changes the surface characteristics. The water contact angle of the film was changed from 71 to 37° after exposure in the plasma conditions.
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1. Introduction


Silicon carbonitride films are attractive coatings for advanced technology due to their favorable physical characteristics, including optical properties. Due to their tunable refractive index and bandgap, SiCN coatings are perspective materials for solar cell technology, UV detectors operated at high temperatures, integrated photonics and solid state lighting [1,2,3,4]. Plasma enhanced chemical vapor deposition (PECVD) is one of the most common deposition techniques for SiC:H (SiCN:H) films formation that allows for producing high-quality films with good adhesion to the substrate, and also lowering the temperature required for precursor activation and film formation. Use of the various organosilicon precursors leads to preventing the involvement in CVD processes of flammable and toxic silane. Concurrently, the presence of the fragments with different combinations of Si–C, Si–N and C–N bonds in the precursor molecule seems to be an effective way to control the chemical bonding structure of the films. The variety of organosilicon precursors includes commercially available compounds, such as tetramethylsilane [5,6,7], hexamethyldisilazane [8,9], and tetramethyldisilazane [10,11]. The novel substances of organosilanes, silazanes, aminosilazanes or carbodiimides, such as hexamethylcyclotrisilazane [12], bis(trimethylsilyl)ethylamine [13], bis(trimethylsilyl)phenylamine [14], 1,3-bis(dimethylsilyl)-2,2,4,4-tetramethylcyclodisilazane [12], N-methyl-aza-2.2.4-trimethylsilacyclopentane [15], and bis(tetramethylguanidine)dimethylsilane [16], (dimethylamino)dimethylsilane [17], tris(dimethylamino)silane [17], bis(dimethylamino)methylsilane [18], methyltris(diethylamino)silane [19], tris(diethylamino)silane [20], and tris(dimethylamino)silane [21], bis(trimethylsilyl)carbodiimide [22] and dimethyl(2,2-dimethylhydrazino)silane [23], are also regarded as potential precursors for silicon carbonitride film synthesis for different applications. In the review [24], we considered the relationship between the structure of the precursor molecule and the nature of the bonds present in the films deposited with its participation. Indeed, numerous publications show that the architecture of the precursor affects significantly the chemical bonding structure of the films. However, the approach of a single-source precursor has a limitation on the composition of the deposited films, and results in a low concentration of nitrogen observed. The most effective way to control the nitrogen content in a wide range is to introduce additional reactive gas (N2, NH3) into the CVD reactor. However, in this case, the formation of nitrogen-containing bonds is uncontrollable and strongly depends on the synthesis conditions and needs further investigation.



In this work, tetramethylsilane Si(CH3)4 (TMS) was chosen as precursor for film preparation. The advantage of this compound as a CVD precursor is its high vapor pressure, allowing high growth rates, combined with the ability to control the composition of films in a wide range by varying additional gases and changing the conditions of synthesis, and also safe operation, compared to pyrophoric silane. Because of this, TMS has found application in the area of thin film production. It has been shown that SiC:H sublayers obtained using TMS promote an increase in the adhesion of DLC films to steel, as well as an increase in the hardness of the entire structure [25,26]. CH:Si films obtained using a mixture of TMS and acetylene showed corrosion resistance to nitric acid [27]. The silicon nitride coating obtained using a mixture of TMS and ammonia had passivating properties and also contributed to the stabilization of the aluminum oxide sublayer during operation at elevated temperatures [28]. Silicon carbonitride layers using from a mixture of TMS and ammonia under the conditions of MW PECVD synthesis possessed such mechanical properties as hardness of up to 12 GPa and a Young’s modulus of up to 120 GPa [29]. More information on the composition, chemical bonding structure and properties of the Si–C–N–H films produced using TMS as a precursor is given in Table 1. It is worth noting that high plasma power of 50–1500 W was used in the publications mentioned above. The optical, mechanical, and dielectric properties of the films were studied.



In this study, we performed the synthesis of SiC:H (SiCN:H) films in mild conditions using low plasma power of 20 W. It seems to result in less fragmentation of the precursor molecule with preservation of Si–C bonds. The optical properties of the films, such as refractive index, transmittance, and optical bandgap, and their dependence on deposition conditions and films composition and bonding structure were investigated. Additionally, the tuning of SiCN:H film surface bonding structure, surface topology and wettability by short plasma treatment in different environments (He, O2, NH3) have been studied.




2. Materials and Methods


2.1. Materials


Tetramethylsilane Si(CH3)4 (99.9%, Alfa Aesar, Heysham, UK) was utilized as precursor for SiC:H (SiCN:H) films synthesis. High-purity helium and ammonia were applied as plasma-forming gases.



The films were deposited on the polished silicon (100) and germanium (110) wafers, and fused silica slides. All of them were preliminarily degreased by consequently boiling in trichlorethylene and acetone, and then washed in deionized water. Si substrates were then treated in ammonia–peroxide and hydrochloric-peroxide solution. The SiO2 layer was removed by HF solution. Ge substrates after degreasing were treated in HNO3/HF/HCOOH solution. After final cleaning in deionized water, the films were dried in a flow of nitrogen. All reagents had ‘extra pure’ degree of purity.




2.2. PECVD and Surface Modification


SiC:H (SiCN:H) films were deposited by PECVD technique. The in-house-built CVD equipment is described in detail in [34]. The process was carried out in a tunnel-type quartz reactor with a length of 0.5 m and a diameter of 0.3 m. The size of the substrate holder was 15 × 30 mm. The liquid precursor TMS was placed in a glass ampoule and kept at room temperature (23 °C). The vapor was delivered into the reactor chamber through the system of valves. The partial pressure of the substance was regulated by means of a control valve. Stability of vapor pressure was confirmed by measuring it before and after PECVD experiment. The synthetic experiments on SiC:H (SiCN:H) films preparation were carried out at the following parameters (Table 2). The film growth experiments were carried out at substrate temperatures ranging from 100 to 400 °C. Plasma power of 20 W was provided through radio-frequency (RF) plasma source (40.68 MHz). The base pressure in the CVD rector did not exceed 4 × 10−3 Torr. For two series with variable deposition temperature, partial pressures of precursor vapor and plasma-forming gas (helium or ammonia) were fixed as: for TMS—1.5 × 10−2 Torr (0.33 sccm), He—6 × 10−3 Torr (0.13 sccm), NH3—6 × 10−3 Torr (0.13 sccm). In experiments to study the effect of ammonia content in the initial gas mixture, the TMS partial pressure was varied from 6 × 10−3 to 1.5 × 10−2 Torr (0.13–0.33 sccm), while the total TMS + NH3 pressure in all experiments was maintained equal to 2.1 × 10−2 Torr.



The post-deposition surface modifications were applied for the samples of SiCN:H films prepared at 400 °C using TMS + NH3 mixture (P (NH3) = 6 × 10−3 Torr (0.13 sccm), P (TMS) = 1.5 × 10−2 Torr (0.33 sccm)). The thickness of the films was 200 nm. After the synthesis the sample was cooled in the vacuum chamber to 100 °C, and in order to perform a detailed comparative experimental study, then treated by He, NH3 or O2 plasma. The pressure of the gas was 6 × 10−3 Torr (0.13 sccm), plasma power—20 W. The temperature was kept by controller at 100 °C during the whole experiment in order to prevent the effect of uncontrolled heating of the sample by plasma.




2.3. Plasma Characterization


The plasma emission spectra were recorded by multichannel spectrometer “Kolibri-2” (VMK-Optoelectronika, Novosibirsk, Russia). The spectrometer detector consists of a 2580-element linear photodiode array. The spectral resolution was 1 nm in the wavelength range 200 to 1000 nm. Temperature stabilization of the photodiode array was supported by a two-stage Peltier module and digital temperature sensor. Atomic line identification was carried out in correspondence with the NIST atomic line database [35]. Electron excitation temperature was calculated using the ratio of intensities of the two atomic hydrogen spectral lines at 656.3 and 486.1 nm [36].




2.4. Characterization of Chemical Bonding Structure and Composition


XPS and FTIR were applied for chemical bonding structure characterization of the films. FTIR as a bulk method was preferred for analysis of SiC:H (SiCN:H) films, as it allows for minimizing the value of the surface layer that can be degraded during exposure to the ambient conditions, and also gives information on hydrogen-containing bonds content. XPS investigation was performed for the samples treated by plasma to reveal accurately the changes of the film surface.



Fourier Transform Infra-Red (FTIR) spectra of SiC:H (SiCN:H)/Si(100) samples were recorded at room temperature using FTIR-spectrophotometer SCIMITAR FTS 2000 (Digilab, Hopkinton, MA, USA) in transmission mode in the range of 400–4000 cm−1 with a resolution of 2 cm−1. Each spectrum was normalized by the thickness of the film in order to compare the bond intensities. A cleaned silicon substrate, cut from the same plate as the film synthesis substrates, was used to record the FTIR spectra.



XPS analysis was carried out on a FlexPS spectrometer with PHOIBOS 150 analyzer (Specs GmbH, Berlin, Germany) using a non-monochromatic Mg Kα excitation radiation. The Casa XPS software (Casa Software Ltd., Teignmouth, UK) was used for data processing. The Si2p, C1s, and N1s spectra were fitted by mixed Gaussian–Lorentzian peaks after subtraction of a Shirley background. The binding energies were calibrated to the C–C component energy of C1s peak at 284.6 eV. The choice of this calibration method was determined by the need to take into account the shift of the lines due to the charging of the samples.



Elemental analysis of SiC:H (SiCN:H)/Ge(110) sample was performed by Scanning Electron Microscope JEOL JSM 6700F (Jeol, Tokyo, Japan) equipped by Energy-Dispersive X-Ray (EDX) analyzer Quantax 200 (Bruker, Berlin, Germany) which was used for at the accelerated voltage of 5 keV in secondary electron mode. In order to exclude the effect of Si substrate to the composition, the films were deposited on the Ge wafers.




2.5. Characterization of Thickness and Optical Properties


The film thickness and refractive index n of the films deposited on Si(100) wafers were determined using monochromic null ellipsometry at a wavelength of 632.8 nm (He–Ne laser). The refractive index and the thickness of the films were calculated from the measured polarization angles ψ and Δ. The deposition rate was calculated by the dividing of film thickness to synthesis time. The values of the refractive index were calculated with an error of 0.03, which is determined by measuring the parameters ψ and Δ, as well as the choice of the initial model of the inverse problem.



Transmittance of the films deposited on SiO2 substrates was determined using Shimadzu UV–3101PC scanning spectrophotometer (Shimadzu, Kyoto, Japan) in the range of 200–2000 nm with a resolution of 2 nm. The optical bandgap values were estimated from transmittance curves using Tauc’s model [37].




2.6. Surface Topology


The AFM study was performed using a Ntegra Prima II atomic force microscope (NT-MDT, Zelenograd, Russia), operating at room temperature in air. The microscope was fitted with HA_NC (A) cantilever (force constant of 17 N/m) run in the semi-contact mode at a scan frequency of 230 kHz. RMS roughness measurements were obtained from the average roughness collected from a 25 μm × 25 μm area. Image analysis was performed using standard software provided with the instrument.




2.7. Wettability and Free Surface Energy


The measurements of the contact angles on the films were performed on an OCA 15 PRO instrument (Dataphysics, Filderstadt, Germany), equipped with a measuring video system with a USB camera, as well as a fast-measuring lens with an adjustable viewing angle. All measurements were performed under normal conditions in a thermostatic box (T = 25 ± 2 °C and p = 750 Torr). The values of the contact angles were measured in the regime of a sessile drop mode with constant droplet volume of ~2.0 μL. The calculation of the observed contact angle was carried out according to two algorithms: Ellipse-Fitting, the Young–Laplace algorithm. The final values of the contact angles were calculated as the average of 2–3 measurements in the different regions of the substrate. The calculation of the free surface energy (Es, mN/m), as well as its polar and dispersion components (Esp and Esd), was carried out using three methods: Neumann, Owens–Wendt, and Wu [38,39,40]. For this, the values of the contact angles and surface tensions of two test liquids (water and diethylene glycol) with different polarities were used.





3. Results and Discussion


3.1. Effect of Deposition Temperature during the PECVD Process


To study the film formation chemistry, the gas phase (TMS, TMS/He, TMS/NH3 gas mixtures) was analyzed by optical emission spectroscopy (OES). The obtained information allowed for estimating the value of additional gas and deposition temperature on the chemical bonding structure and composition of the deposited films. Figure 1a presents optical emission spectrum of TMS plasma without additional gases. The spectrum shows hydrogen atomic lines, hydrogen and nitrogen molecular bands, CH and CN free radicals. Thus, decomposition of TMS is accompanied by the detachment of methyl groups and hydrogen atom’s appearance from the initial molecule. Nitrogen-containing species originate from residual atmosphere in the CVD reactor. Electron excitation temperature in TMS/He plasma is higher than in TMS/NH3 plasma (Figure 1b), i.e., helium provides a higher plasma excitation than NH3 since vibration energy losses are missing.



SiC:H (SiCN:H) films have been synthesized using TMS/He or TMS/NH3 gas mixtures at the deposition temperature ranging from 100 to 400 °C. Low-power plasma conditions have been applied in order to reach the incomplete decomposition of the organosilicon precursor with a preservation of Si–C bonds. The chemical bonding structure, elemental composition, growth rate, and optical properties have been studied.



Figure 2 presents FTIR spectra (Figure 2a,b) and elemental composition (Figure 2c,d) of the films deposited using TMS/He (Figure 2a,c) and TMS/NH3 (Figure 2b,d) mixtures at various deposition temperatures. In order to compare the intensities of the bands, each spectrum has been divided by the thickness of the sample.



FTIR spectroscopy is the most widely used technique for determining the chemical bonding structure in SiCN:H films. This method has two important advantages over XPS. First, it allows for obtaining information about the character of the bonds presented in the bulk of the film. This is especially important for hydrogenated silicon carbonitride, where the film surface often changes under environmental conditions and its composition and chemical bonding structure can differ significantly from the bulk. Second, FTIR spectroscopy makes it possible to describe the environment of atoms in terms of the presence of hydrogen atoms. However, correct assignment of FTIR signal to a certain group is a difficult task. In the review [24], we presented a table with literature data on values of the positions of absorption bands for various types of bonds presented in SiCN:H films. The values used in this work are given in Table 3 with references.



The IR spectra of all films obtained under the conditions of a low-power plasma using helium as a plasma-forming gas (Figure 2a) contain absorption bands in the regions of 790 cm−1, 1020–1040 cm−1, ~1600 cm−1, corresponding to Si–C, Si–CHx–Si, and C=C vibration modes, which indicates the polymerization of the precursor with a formation of silicon–carbon–silicon chains with incorporation of large hydrocarbon fragments. The intensity of Si–C signal increased with rise of deposition temperature. At the same time, a lowering of the intensity of bands related to C–H bond vibrations in the region of 2850–3000 cm−1, 1350–1460 cm−1, ~1255 cm−1, which indicates the destruction of hydrocarbon fragments with an increase in the synthesis temperature, accompanied by the following ejection of the corresponding gas species through the vacuum. The Si–H band relative intensity remains almost constant in the whole deposition temperature range. It is worth mentioning, that Si–H bond was not presented in the precursor molecule and was formed in the plasma conditions. It was also observed in several investigations [30,46].



It can be observed that FTIR spectra of the films deposited using TMS/NH3 gas mixture have quite different features (Figure 2b). The N-containing absorption bands assigned to N–H (3400 cm−1) and Si–N (920 cm−1) stretching vibration modes appeared, pointing out that N atoms originated from ammonia molecule actively incorporated into the film. The relative intensity of the wide peak at 700–1200 cm−1 rose, which can be due to increasing value of the crosslinking process. The peak is composed by a set of absorption bands defining preferential binding in the film. The signals attributed to Si–C, Si–N, Si–CHx–Si/Si–O vibration modes can be observed. The contribution of Si–N component (920 cm−1) rose with deposition temperature increasing, while Si–C absorption band remained intensive. The content of hydrogen-containing bonds decreased, leading to the material structuring by rearrangement accompanied by elimination of hydrogen-containing gas species. The intensity of the band assigned to Si–H vibration mode is negligible, which indicates the dominant role of Si–N bonds formation preventing Si–H binding.



The elemental composition of the films was evaluated using EDX analysis. It should be mentioned that the method is insensitive to hydrogen concentration; therefore, the information on presence of hydrogen atoms and tendencies of its concentration change can be estimated by FTIR analysis. The films contained silicon, carbon, nitrogen, and impurity of oxygen (less than 5 at.%) in the composition due to the result of EDX measurements. SiC:H films deposited using TMS/He gas mixture were carbon-rich in the whole deposition temperature range. The little admixture of nitrogen (5 at.% and less) was found, originating from residual pressure in the CVD camera. The concentration of silicon grew from 8 to 16 at.% along with the decrease in carbon content with the rise of deposition temperature that can be attributed to elimination of hydrocarbon groups, and is in a good assignment with FTIR data. The introduction of ammonia into reactive mixture led to the incorporation of N atoms into the film. The concentration of nitrogen in SiCN:H films increased from 16 to 25 at.% with the rise of deposition temperature from 100 to 400 °C. However, the use of the initial gas mixture with an excess of TMS, characterized by the ratio TMS/NH3 = 2.5, led to the formation of the C-rich films. The ratio of C/Si in the SiC:H films exceeded the value C/Si = 4, corresponding to the TMS molecule in the whole range of synthesis temperature, which indicates the formation of aliphatic bridges in the SiC:H matrix.



The deposition rate was determined by the dividing of ellipsometric thickness to the synthesis time. The dependences of the growth rate on the deposition temperature for TMS/He and TMS/NH3 initial gas mixtures are presented in Figure 3. The values of growth rate decreased with rise of deposition temperature from 33 to 20 nm/min for TMS/He mixture, and from 25 to 13 nm/min for TMS/NH3 mixture. This tendency is typical for the PECVD process and was observed in different precursors [47,48,49,50]. Two main factors contribute to the tendency: the lowering of adsorption of film-forming precursors onto the growth surface with rise of deposition temperature, and the densification of the film due to the thermally induced elimination of organic moieties that is confirmed by FTIR and EDX data. This process is promoted by reduction of hydrogen-containing bonds and increasing of cross-linking level. The additional drop of growth rate in the case of TMS/NH3 mixture can originate from two reasons: chemical reactions with formation of Si–N bonds accompanied by removal of –CH3 fragments, and the bombardment of growing film by active NH3 plasma species. The deposition rate corresponds or even exceeds the values presented in literature for TMS precursor, that was 6 nm/min in [27], 14–18 nm/min in [30], and 2–20 nm/min in [51].



Some optical properties of SiCH (SiCN:H) films, such as transmittance (Figure 4a,b), band gap (Figure 4c) and refractive index (Figure 4d) have been studied. The light transmittance measurements verify the optical quality of the films [52]. The transmission spectra were recorded for test samples of SiC:H(SiCN:H)/SiO2. The spectrum of bare fused silica is also presented in Figure 4a,b for comparison, its transmittance remains nearly constant at 93%–94% in the range of 500–1750 nm. The spectra of the samples exhibit characteristic sinusoidal interferences that depend on the thickness of the films, and the difference in refractive indices of the substrate and the film. The redshift of the transmittance spectra with an increase in deposition temperature is observed for both initial gas mixtures, and the most significant changes were detected for SiC:H samples. Two reasons could be regarded: intrinsic absorption due to the change of chemical composition, and reflection or interference effect. Based on literature data, long carbon chains of Si(CH2)x do not absorb visible and most of UV light [53]. The results of FTIR and EDX analysis showed that increase in deposition temperature led to the elimination of hydrocarbon fragments with formation of the films with SiCx or SiCxNy composition. The comparison of the spectra for films deposited using TMS/He and TMS/NH3 mixtures reveals that Si–N bonds used to be more effective for transparent layer creation, thus the transmission degradation is not so significant.



The band gap was estimated using the results of a UV-Vis spectroscopy by Tauc’s equation: αhν = B(hν − Eg)n, where α is the absorption coefficient, hν is the incident photon energy, B is the dimensionless density of states constant and n is the parameter related to the density of states distribution [37]. The value of n was chosen as 2, that is characteristic for SiCN films [17]. The deposition temperature dependences of optical bandgap are presented in Figure 4c. Optical bandgap for SiC and Si3N4 are 3.3 and 5.4 eV, correspondingly [54]. These values are in agreement with the data obtained in this work. Eg values for SiC:H films deposited using TMS/He mixture were 2.8–3.7 eV. Ammonia addition into the reactive mixture led to the formation of SiCN:H films with optical bandgap of 3.6–4.6 eV. Thus, the incorporation of nitrogen atoms into the film even up to 16–25 at.% with the formation of N–H and Si–N bonds made a significant contribution to the change of optical properties. For both SiC:H and SiCN:H films, a decrease in the values of Eg was observed with a rise of the synthesis temperature, which seems to be mainly associated with change of the chemical structure of the films from polymeric-like to ceramic-like.



The refractive index of the films was measured by laser ellipsometry at 632.8 nm. Deposition temperature dependence of refractive index is presented in Figure 4d. With an increase in the synthesis temperature, a rise of the refractive index was observed: from 1.68 to 1.96 for films deposited using a TMS/He mixture and from 1.56 to 1.90 for films obtained using a TMS/NH3 mixture. Regarding the Lorentz–Lorenz correlation, an increase in the refractive index can be associated with both an increase in the film density and a change in the chemical composition that affects the polarization response of the material [2,55]. The trend of CVD films densification with deposition temperature increasing and its relation with refractive index was studied in detail for different organosilicon precursors by Prof. Wrobel’s group [17]. On the other hand, SiCN:H films deposited using a TMS/NH3 gas mixture are characterized by elevated concentrations of N atoms and presence of Si–N bonds that decrease in n values in comparison to SiC:H films produced using TMS/He mixture. To control the consistency of ellipsometrical and UV-Vis data, refractive index values were estimated from transmission spectra, according to the method given in [56] (Figure 4d). A similarity of the trends in the change of refractive index with increasing deposition temperature is observed. A certain difference in the values of n obtained from ellipsometry and UV-Vis data may be attributed to some non-uniformity in thickness of the films, as well as the lack of expression of the maxima in the spectra.




3.2. Variation of NH3 Concentration in Initial Gas Mixture


The effect of ammonia concentration in the initial gas mixture on the composition, chemical binding structure and optical properties of the films was studied for the samples at 400 °C. The total pressure of the initial gas mixture was the same in order to save the characteristics of plasma, but the ratio NH3/TMS was changed from 0 to 2.5.



The FTIR and EDX data are presented in Figure 5. It should be noted that an increase in the ammonia concentration led to a significant change in both the character of FTIR spectra and elemental composition. Even a small addition of NH3 at NH3/TMS = 0.4 into a gas mixture resulted in a strong incorporation of nitrogen atoms into the film up to 25 at.% accompanied by formation of Si–N (920 cm−1) and N–H (3400 cm−1). The absorption bands of C–H bonds (~2800 cm−1, 1255 cm−1, 1020 cm−1) were maintained. The further increase in ammonia concentration up to NH3/TMS = 1 resulted in silicon nitride formation. The wide absorption band in fingerprint region of 750–1050 cm−1 narrowed, the single maximum at 870 cm−1 was observed assigned to a combination of Si–N (920 cm−1) and N–Si3 (840 cm−1) bonds [5,30]. The bands assigned to Si–H and N–H bonds were also presented, while hydrocarbon groups’ signals were not detected. The elemental composition of the films also changed. The main elements were silicon and nitrogen, while oxygen and carbon were registered at the level of 2 at.%. The further enrichment of the gas phase with ammonia did not change the character of FTIR spectra and elemental composition significantly. Thus, the use of the gas mixture with equal content of TMS and NH3 is enough to produce SiN:H films at 400 °C. It is worth mentioning that this is a feature for a low-power process, when the precursor does not decompose completely to the single atoms in the plasma conditions. The use of high plasma power of 1500 W led to the formation of SiCN films with an excess of carbon even at [TMS]/[NH3] = 0.5 [30]. The films produced by MWPECVD at total plasma power of 1000 W at TMS/NH3 = 0.68 were close to SiCx and were characterized by a composition of Si0.36C0.55N0.08O0.01 [5].



The curve of deposition rate change with a rise in ammonia concentration in the initial gas mixture is presented in Figure 6. A drop in growth rate from 20 nm/min to 5 nm/min with NH3/TMS ratio increasing from 0 to 1 is observed. Then, during further enrichment of gas mixture by ammonia, the value decreased slightly to 2 nm/min. The significant factor defining such behavior is the decrease in the TMS concentration. As a source of silicon and carbon, it is the most significant compound for film creation. The second reason is treatment of hydrocarbon species from the film during bombardment of the growing film by active species, produced in ammonia plasma. This is an important process influenced the deposition rate, as the drop of deposition rate stopped when the film composition was close to SiN:H.



Evolution of transmittance, optical bandgap, and refractive index with change of initial gas mixture is presented in Figure 7. The blueshift of transmission coefficient was observed with an increase in ammonia concentration. The related parameter of optical bandgap demonstrated a stepwise increase from 3.3 eV to 5.0 eV at NH3/TMS = 0.6. Such a behavior was observed previously in several publications for SiCN films produced using different precursors [14,57,58,59]. The main reason can be a change of chemical binding structure. The films produced using ammonia-rich initial gas mixture are characterized by a higher N/Si ratio and higher relative concentration of Si–N bond in FTIR spectra, thus their bandgap increases. The value of 5.1 eV is typical for SiNx films [60], which confirms the similarity of the produced films to silicon nitride. Moreover, the contribution of Si–H absorption band increased, that additionally improved the bandgap [52]. The results can be compared with the data presented in the literature for films produced using TMS as a precursor. For SiCN films obtained from a TMS/N2 mixture under the conditions of ICP CVD experiments [6], the band gap was 2.7–3.6 eV. The nitrogen content in the films varied within a narrow range of 10–20 at.%. Thus, the use of ammonia as an additional gas seems to be a more efficient method for varying the composition and properties of films. In [61], the nitrogen content in the films was varied by introducing 1% hexamethyldisilazane into the TMS flow. The nitrogen content in the films was approx. 1 at.%, the band gap varied in the range of 2.3–2.7 eV. SiCH:Cl films were obtained from a mixture of TMS and chloroform. It is shown that the band gap varies in the range of 2.4–3.5 eV with an increase in the chlorine content in the film up to 4 at.% [62]. The presented set of data show that by varying the synthesis conditions, using TMS as the precursor, it is possible to obtain films with the band gap ranged in a wide area.



Figure 7c shows the refractive index for various ratios of NH3/TMS obtained by ellipsometry and estimated using UV-Vis data. Refractive index was 2.1 for SiCN film deposited using TMS/He mixture, and decreased to 1.78–1.90 with the introduction of ammonia into the reactive mixture. The discussed previous dependence of n values on the chemical composition seems to have a leading contribution. The appearance of Si–N bonds at NH3/TMS = 0.4 and increasing of its concentration, which was confirmed by FTIR, decreased refractive index crucially. The relationship between Si–C concentration in the films and their refractive index was previously discussed in details in [29,63].




3.3. Surface Modification by He, O2, NH3 Plasma


The sample deposited using the initial gas mixture ascribed by P(NH3)/P(TMS) = 0.4 at 400 °C with a thickness of 200 nm was chosen for wettability characterization. PECVD SiCN:H films possess reduced hydrophilic or even hydrophobic with average water contact angle (CA), ranging from 56 to 105° depending on deposition technique, and synthesis conditions [46,64,65]. This makes them suitable for biomedical applications, where it helps to prevent protein adsorption and the lubricity of the urinary catheters, as well as material creation, as a sublayer to achieve a good adhesion between the coating and the substrate [66,67,68]. In this work we applied an approach of surface modification by plasma treatment which is often used to improve the hydrophilic properties of polymers [69,70], and also for modification of low-k materials to reduce bulk damage [71]. The SiCN:H sample was exposed in the atmosphere of He, O2 or NH3 plasma for 5 min. Figure 8a presents the values of CA for the initial and plasma treated surfaces, obtained for water and diethylene glycol test liquids. The tendencies of CA changing are similar for both substances, the water contact angle (WCA) evolution will be considered below. The value of WCA was equal to 71° for the initial sample, which may be regarded as slightly hydrophilic film. This result is in consideration with the WCA data presented in literature for SiCN:H films deposited using different precursors: for tetramethyldisilazane it varied in the range of 62–78° [45], hexamethyldisilazane—78–83° [72], and bis(dimethylamino)dimethylsilane—56–78° [46]. The plasma treatment of the sample resulted in a drastic decrease in WCA to 36–42°. The values differed slightly with a change of gas type (Figure 8a).



The main factors influencing wettability of the coating are surface energy and surface roughness. The values of CA obtained for water and diethylene glycol test liquids were used for calculation of surface free energy, the results are presented in Table 4. The contribution of dispersive and polar components is demonstrated in Figure 8b. A non-treated sample possessed a relatively low total surface energy with a small contribution of polar energy parts. After plasma processing a strong increase in the polar part was observed, while the dispersive part slightly decreased. The rise of the polar component seems to be a result of chemical bonding structure change, attributed to the presence of an increased number of terminal groups.



The chemical bonding structure of the films was studied by FTIR analysis and XPS. The treatment of the films by plasma resulted in strong changes in FTIR spectra (Figure 9a). The main difference between the initial film and the films treated with all gases concerned hydrogen-containing bonds. The absorption bands related to hydrocarbon fragments: Si–CHx–Si (1020 cm−1), Si–CH3 (1260 cm−1), C–H (2800–3000 cm−1), and also Si–H (2120 cm−1) bonds, that are characteristic for the initial film, completely disappeared after processing. As the depth of IR analysis exceeds the film thickness, the result showed that the bulk part of film underwent rearrangement during the treatment accompanied by dehydrogenization. The main broad absorption band at 500–700 cm−1 also changed. The position of its maximum was 800 cm−1 for the initial film, which corresponds to the Si–C bond. Processing of the film in the plasma of inert helium and oxygen led to a shift of the maximum to 840 cm−1, which is an intermediate value between the Si–C and Si–N positions, and also the N–Si3 fragment [5]. After treatment in ammonia plasma, the absorption band assigned to Si–N became the dominant component. It is interesting to note that the spectrum of the film treated in oxygen plasma did not contain an additional absorption band corresponding to the Si–O bond. Thus, it seems that the Si–O layer formed on the surface impeded the consequence oxidation of the film [73].



The change of surface chemistry after the treatment was examined by XPS. Si2p, C1s and N1s core-level spectra are presented in Figure 9b. The spectra interpretation was performed using the literature data [16,41,74,75]. The Si2p spectrum was fitted with four components at 99.8–100.1, 100.9–101.3, 101.2–102.3, and 103.2–103.3 eV, that can be attributed to Si–C as a part of the Si–C–Si environment in stoichiometric SiC, Si–C in the fragment where some atoms are substituted with N or O [76], Si–N, and Si–O bonds, correspondingly. C1s spectrum was resolved to five+ components at 283.02–283.5, 284.6, 286.1, 287.5–288.1, 288.8–289.4 eV assigned to C–Si, C–C/C–H, C—N, C=O, C–COOH, correspondingly. For N1s peak, four main components can be distinguished in the regions of about 397.1–397.3, 398.0–398.3, 399.1–399.3 eV, 400.0–400.4 eV corresponding to the N–Si, N–C, N=C, and N–O bonds.



The Si2p spectrum of the initial sample mainly consists of Si–C components with a low concentration of Si–N, which is consistent with FTIR results. A slight contribution of N–Si and N–C/N=C bonds is observed in N1s spectrum.



The treatment in He plasma resulted in a decrease in Si–C peak in the Si2p spectrum due to hydrocarbon fragments elimination by the bombardment of the surface by active plasma species, that is in agreement with FTIR data. The relative intensity of Si–O exceeded Si–N, which can be explained by a surface oxidized layer, since XPS is a surface sensitive method. It is proved by the presence of oxidized bonds of C–O and COOH in C1s spectrum. The rearrangement provided by modification in He plasma also concerned carbon to nitrogen bonds that were expressed in the growth of N–C/N=C and nitrile contributions in the N1s spectrum, and the C–N component in the C1s spectrum.



Si2p spectrum of the sample treated in oxygen plasma can be resolved in two components related to Si–C and Si–O bonds, thus the surface of the film is close to SiO2. Concurrently, N atoms are presented in the environment of Si that is pointed out by the position of the Si–C peak at 101.3 eV. As FTIR analysis showed an absence of Si–O bonds in the bulk of the material, it can be proposed that the oxidation affected only the surface. The layer of SiO2 seems to hinder the following diffusion to the deeper layers, considering the low temperature of the process.



The processing in NH3 plasma changed the spectra significantly. Relative intensity of Si–N in the Si2p component grew with the serve of the Si–C peak. On the other hand, the concentration of CN also increased, which is depicted by the presence of strong contributions of C–N in C1s peak and N=C, N–C in N1s peak, making the top layer of the film close to SiCN, which contained bonds between all of the elements involved. Less oxidation than in the case of He treatment can be associated with passivation of the surface with nitrogen, which makes it difficult to oxidize the surface of the sample when it is removed from the reactor into air.



The study of the films by FTIR spectroscopy and XPS made it possible to obtain the most complete information about the character of the bonds presented in the films. The XPS method helped clarify the environment of the Si, C, and N atoms, while the FTIR analysis provided information on the types of the hydrogen-containing bonds. There is agreement between the XPS and FTIR data with respect to the dominant bonds in the films. The chemical bonding structure of the untreated film was described in Section 3.1. Comparison of FTIR and XPS data for the initial SiCN:H film confirmed that the main bond was Si–C. The XPS data made it possible to supplement the information on the environment of nitrogen atoms. It was shown that there is a small concentration of the Si–N bond, as well as various nitrogen to carbon bonds. In addition, the films involved hydrogen-containing bonds of Si–CHx–Si, Si–H, C–H, N–H. According to FTIR spectroscopy, the initial SiCN film was the most hydrogenated, and its treatment in plasma in all cases led to a significant decrease in the intensity of these components. During treatment in He plasma, probably due to the predominant etching of carbon atoms, an increase in the relative contribution of the Si–N and Si–O bonds was observed, which was shown by FTIR and XPS. The position of the main peak in the FTIR spectrum shifted to an intermediate position between Si–C and Si–N, and a peak asymmetry was observed, indicating the presence of the Si–O component. The XPS method showed the presence of the various carbon to nitrogen bonds, while the corresponding absorption bands were not observed in the IR spectrum. This may indicate the formation of these fragments on the surface upon treatment with helium plasma. The study of the sample treated in oxygen plasma showed the greatest difference in the results of FTIR and XPS. According to the XPS data, characterizing the film surface, the dominant bond was Si–O, which indicated the oxidation of the sample. However, the FTIR spectra of the films contained only the Si–O shoulder, and the position of the maximum of the main peak was intermediate between Si–C and Si–N. It seems that the Si–O layer formed on the surface impeded the consequence of oxidation of the film. As a result of treatment of the SiCN film in ammonia plasma, Si–N became the main bond, which was confirmed by FTIR and XPS data; however, Si–C and Si–O bonds were also present. C–N bonds were also formed on the film surface as a result of deeper nitridization, but they were not detected in the bulk of the film. Thus, we can conclude that the treatment of the SiCN:H film in plasma affected the entire volume of the film, which was expressed in a change in the dominant bond, as well as in dehydrogenization of the films. However, the surface underwent more serious changes that proceeded with the formation of nitride and silicon oxide, as well as the formation of C–N bonds. Regarding the relationship between wettability and chemical bonding structure of the film surface, slightly hydrophilic properties of the initial SiCN:H film are mostly likely due to the presence of a combination of hydrophobic terminal non-polar C–H and Si–H and hydrophilic N–H and Si–O chemical bonds. The wettability of the film increased after plasma treatment. An important role in this process is played by the complete disappearance of C–H groups. Since the Si–C component in the Si2p XPS spectrum reduced significantly, it can be assumed that the elimination of hydrophobic methyl groups took place. The similar correlations were obtained in [77] for PECVD SiCN:H films deposited from hexamethyldisilazane at different deposition temperatures. After treatment in helium or oxygen plasma, the hydrophilic properties of the films increased, that is associated with appearance of hydrophilic bonds. The broken Si–C bond may form into Si–O, C–O or Si and C dangling bonds [78]. Si–O bond formation is most likely due to the polymerization of silanol bonds that could occur at even room temperature if the two OH groups were close neighbors, such as those with hydrogen [79]. The creation of Si–O bonds after treatment in inert Ar plasma was also observed in [80]. The authors explained it by the easy oxidation of damaged SiCN film. The XPS data confirmed the oxidation of surface layer with the formation of Si–O, COOH, C–O, N–O bonds. OES data presented in Figure 1 pointed the residual air in the vacuum system that could promote formation of oxidized states. On the other hand, it is well known from this that plasma polymers are very rich in radicals [81], which can be a source of additional Si–O bonds formed when exposed to the ambient conditions. N–H groups, observed by FTIR analysis of the SiCN:H sample treated by NH3 plasma, are less polar than oxygen-containing bonds, which explains lower wettability of the samples in comparison with O2 and He treatment.



In order to estimate the contribution of surface morphology to the wettability of the films, the roughness of the films was examined by AFM. The typical AFM planar view is presented in Figure 10. The samples had a smooth and homogeneous surface. The RMS of the untreated sample was 1.6 nm. The processing in the plasma led to the smoothing of the surface to the RMS valises of 0.6–0.7 nm. Such a behavior can be attributed to the elimination of the hydrocarbon species that was demonstrated by FTIR analysis, and the following rearrangement with the formation of dense structure.



All the modifications that occurred with the SiCN sample during the treatment in different plasma are summarized in Table 4. It can be concluded that the main changes in wettability are determined by the type of the bonds presented on the surface of the sample. The most significant change in the structure of the films after all types of treatment was the loss of hydrogen. Non-polar hydrogen-containing bonds can increase the hydrophobicity of the material, and their exclusion led to a drop in the values of the WCA. The other factor that slightly affected the wettability of the treated samples was the change of concentration of silicon-containing bonds. The polarity of them decreases in the row: Si–O > Si–N > Si–C. XPS analysis showed that the treatment with ammonia leads to the formation of a surface layer containing Si–C and Si–N bonds at a relatively low content of Si–O. Processing of the film in an oxygen and helium plasma led to a significant increase in the concentration of the more polar Si–O bond. The presence of residual oxygen in the reactor led to the oxidation of the film even in the plasma of inert helium. Thus, an increase in wettability was observed in the row: initial—NH3—O2~He. The change in roughness observed for the plasma-treated samples probably did not have a significant effect on the wettability of the samples due to small changes.





4. Conclusions


PECVD SiC(N):H films with nitrogen concentration changed in a wide range were produced using TMS and helium (or ammonia) mixture. Use of low-power RF plasma led to partial fragmentation of the precursor molecule with preservation of Si–C bonds that resulted in formation of the films with predominant binding between silicon and carbon. However, the chemical bonding structure and composition of the films are shown to be sensitive to ammonia concentration in the reactive mixture. The transition from SiCN:H to SiNx:H film occurred at the ratio of NH3/TMS equal to 1. The investigation showed the ability to produce films of highly variable optical properties by change the deposition conditions. The growth of refractive index and lowering of bandgap in the range of 1.55–2.05 and 4.06–3.0 eV, correspondingly, was observed with increase in deposition temperature. Introduction of excess of ammonia into the initial gas phase allowed enlarging the bandgap up to 5.2 eV.



Surface modification by plasma treatment is often used to improve the hydrophilic properties of organic polymers. In this work, SiCN:H film was modified by processing of SiCN film in the various type of plasma (He, O2, NH3). The plasma treatment of SiCN:H film changed its wettability from slightly hydrophilic (WCA = 71°) to hydrophilic (36–42°), thus it increased in the row: untreated < NH3 treatment < O2 treatment~He treatment. The analysis of surface free energy revealed the significant variation in its polar component, pointing out the chemical bonding structure change, attributed to the presence of an increased number of terminal groups. XPS and FTIR investigations showed that not only the surface, but bulk of the film underwent significant changes. Hydrogen-containing fragments were eliminated from the whole volume of film, which was shown by FTIR analysis of treated samples. The additional changes concerning Si, C and N atoms were observed by XPS analysis. Processing in oxygen plasma led to an increase in relative content of Si–O bonds, while NH3 plasma treatment resulted in the formation of the SiCN surface layer, which included Si–C, Si–N, C–N and C=N bonds.
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Figure 1. Emission spectrum of TMS plasma. N2 bands were marked by asterisks (a); electron excitation temperature in TMS/He and TMS/NH3 plasmas vs. deposition temperature (b). 
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Figure 2. FTIR spectra (a,b) and EDX elemental composition (c,d) of SiC:H (SiCN:H) films deposited using TMS/He (a,c) and TMS/NH3 (b,d) gas mixtures. 
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Figure 3. Deposition rate of SiC:H (SiCN:H) films deposited using TMS/He or TMS/NH3 initial gas mixture as a function of deposition temperature. 
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Figure 4. Optical properties of SiC:H (SiCN:H) films: evolution of transmittance of SiC:H/SiO2 structures (a) and SiCN:H/SiO2 structures (b), deposition temperature dependences of optical bandgap (c) and refractive index (d) obtained using UV-Vis and ellipsometry data. 
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Figure 5. FTIR spectra (a) and EDX elemental composition (b) of SiC:H (SiCN:H) films deposited using TMS/NH3 gas mixture at 400 °C. 
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Figure 6. Deposition rate of SiC:H (SiCN:H) films deposited at 400 °C using various compositions of TMS/NH3 initial gas mixture. 
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Figure 7. Optical properties of SiC:H (SiCN:H) films: evolution of transmittance of SiCN:H/SiO2 structures (a), optical bandgap (b), and refractive index (c), with variation of gas ratio in the initial mixture of NH3/TMS. 
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Figure 8. Behavior of the contact angle (water and diethylene glycol) (a) and surface energy (b) in dependence on plasma treatment chemistry. 
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Figure 9. FTIR (a) and XPS (b) Si2p, C1s, N1s core-level spectra of initial SiCN film and after He, O2 or NH3 plasma treatment in helium, oxygen, and ammonia. 
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Figure 10. Typical AFM image of SiCN sample. 
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Table 1. The literature data on Si–C–N films synthesis and characterization using TMS as a precursor.
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	Film
	Gas

Mixture
	Deposition

Conditions
	Elemental Composition and Binding Structure
	Properties
	Ref.





	SiNx:H
	TMS + NH3
	PECVD; P = 1200 W;

T = 120 °C;

u(TMS) = 5–35 sccm;

u(total) = 60 sccm.

Post-annealing at 450 °C
	Si–N is dominant at u(TMS) > 25 sccm, the presence of N–H, Si–H, Si–C, C–H
	Rear passivation layer.

SiNx:H films deposited at 30 and 35 sccm have dense structure, stable to the etching during storage in HCl.
	[28]



	SiCN:H
	TMS + NH3
	MW-PECVD *; P = 1000 W; T = 400 °C; r = u(NH3)/u(TMS) = 11.2 and 1.5
	r = 11.2: Si0.5C0.3N0.2, Si–N bond is dominant by XPS; r = 1.5: Si0.36C0.55N0.08,

Si–C + Si–N bonds by XPS
	AFM roughness increases with growth of TMS percentage in the gas flow
	[5]



	SiCx:H, SiCxNy:H
	TMS + Ar,

TMS + N2
	ICP CVD *; P = 50–500W, T = 50–450 °C, p(Ar or N2) = 3.5–4 × 10−3 Torr; p(TMS) = 0–3 × 10−3 Torr
	Si0.05C0.6N0.2O0.2 with predominant Si–C

(Si–CHx–Si) binding
	Optical bandgap: 2.8–3 eV at P > 100 W, 3.6 eV at P = 50 W, T = 200 °C, TMS/N2 = 0.6
	[6]



	SiCN:H
	TMS + N2
	ECR CVD *; P = 200 W; u(N2)/u(TMS) = 0.7–1.3
	Si0.45C0.12N0.3O0.3 at r = 1.3

Si0.55C0.02N0.45O0.02 at r = 0.7

Si–C, Si–N, C–N, Si–O and C–C bonds, Si–N dominates
	H = 17.6–27.6 GPa

E = 163.7–230.7 GPa
	[7]



	SiCxNy:H
	TMS + NH3
	PECVD; P = 1500 W; T = 400 °C;

r = [TMS]/[NH3] =

0.015–0.5
	Si0.43C0.11N0.47 at r = 0.015 (dominant is Si–N); Si0.34C0.44N0.22 at r = 0.5 (dominant is Si–C)
	Refractive index 1.85–2.1, growth rate 0.49–22 nm/min, passivation behavior:

τeff = 420 μs
	[30]



	SiCNH
	TMS + NH3
	PECVD; VDC = 50 V; T = 350 °C; u(NH3) = 26sccm; u(TMS) = 6 sccm
	r(TMS/NH3) = 0.23 led to SiN:H films deposition
	Refractive index (640 nm) = 1.75
	[31]



	α-SiCN:H
	TMS + NH3
	PECVD; 350 °C
	Si/N = 2.06, Si–C is dominant
	Dielectric constant 5.68.

Tested as Diffusion Barrier Film
	[32]



	SiC, SiCN
	TMS + NH3
	PECVD; V = −500 V; T = 180 °C; r = u(NH3)/u(TMS) =

0 or 1
	Dominant bonds:

Si–C for r = 0; Si–N for r = 1
	Anti-corrosion properties in NaCl-H2O: SiCN—more effective corrosion resistance; tribology: SiCN layer degraded after 200 cycles
	[33]







* Abbreviations: MW-PECVD—microwave plasma enhanced chemical vapor deposition; ICP CVD—inductively coupled plasma enhanced chemical vapor deposition; ECR CVD—electron cyclotron resonance chemical vapor deposition. Variables: P—plasma power; u—gas flow; T—deposition temperature; p—partial pressure; VDC—self-bias voltage; τeff—charge carrier effective lifetimes.













 





Table 2. Experimental conditions.
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Deposition

	
Treatment




	
P(TMS), Torr

	
Add. Gas

	
P (Add. Gas), Torr

	
T, °C

	
Plasma Power, W

	
Gas

	
P, Torr

	
Plasma Power, W

	
T, °C

	
Time, min






	
1.5 × 10−2

	
He

	
6 × 10−3

	
100–400

	
20

	
No treatment




	
1.5 × 10−2

	
NH3

	
6 × 10−3

	
100–400

	
20

	
No treatment




	
1.2 × 10−2

	
NH3

	
8 × 10−3

	
400

	
20

	
No treatment




	
1.0 × 10−2

	
NH3

	
1.0 × 10−2

	
400

	
20

	
No treatment




	
8 × 10−3

	
NH3

	
1.2 × 10−2

	
400

	
20

	
No treatment




	
6 × 10−3

	
NH3

	
1.5 × 10−2

	
400

	
20

	
No treatment




	
1.5 × 10−2

	
NH3

	
6 × 10−3

	
400

	
20

	
He

	
6 × 10−3

	
20

	
100

	
5




	
1.5 × 10−2

	
NH3

	
6 × 10−3

	
400

	
20

	
NH3

	
6 × 10−3

	
20

	
100

	
5




	
1.5 × 10−2

	
NH3

	
6 × 10−3

	
400

	
20

	
O2

	
6 × 10−3

	
20

	
100

	
5











 





Table 3. FTIR absorptions.
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	Vibration
	Band Position

(in This Study), cm−1
	Band Position

(Literature), cm−1
	Ref.





	Si–C stretching
	790
	796–805
	[41]



	N–Si3 asymmetric stretching
	840
	850
	[30]



	Si–N stretching
	920
	911
	[41]



	Si–CHx–Si wagging
	1040
	1020
	[42]



	Si–CH3 symmetric bending
	1255
	1260
	[42]



	C–H symmetric deformation
	1354
	1335–1390
	[43]



	C=C/C=N stretching
	1650
	1500 (C=C)

1600 (C=N)
	[7]



	SiHn stretching

(n = 1–3)
	2110
	2000–2100
	[44]



	C≡N
	2200
	2200
	[42,45]



	C–H stretching
	2865

2905

2956
	2896–2953
	[41]



	N–H stretching
	3400
	3382
	[41]










 





Table 4. Evolution of the surface characteristics of SiCN films after exposure in He, O2 or NH3 plasma.
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	Plasma Treatment
	WCA, °
	Free Surface Energy, mN/m

(Neumann/Owens–Wendt/Wu)
	RMS, nm
	XPS and FTIR Bonding Structure, Main Bonds





	Initial
	71
	40.2/39.6/43.2
	1.63
	Si–C, C–H (less Si–N)



	He
	36
	54.3/58.6/62.3
	0.67
	Si–O, Si–C, Si–N



	O2
	37
	54.1/58.4/62.0
	0.63
	Si–O, (less Si–C, Si–N)



	NH3
	42
	52.1/54.8/59.0
	0.71
	Si–N, Si–C, C–N/C=N
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