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Abstract In this paper we report some preliminary results about the growth at low temperature (493 K) of hydrogenated silicon–carbon–oxygen– nitrogen amorphous thin-film alloys (a-SiCxOyNz:H) by means of capacitively-coupled radio-frequency (13.56 MHz) plasma-enhanced chemical vapor deposition using a mixtures of silane (SiH4), propane (C3H8), nitrous oxide (N2O) and ammonia (NH3) precursor gases. Thin films of aSiCxOyNz:H were grown at different deposition conditions, obtaining growth speeds varying from 0.22 to 0.44 nm/s. The films were characterized by means of Fourier transform infra-red spectroscopy in order to investigate the internal bonding structure, by UV–VIS transmittance spectroscopy to check the optical properties and by mechanical profilometry to measure the film thickness and estimate the growth rate. The comparison of structural and optical properties of samples grown with and without NH3 presence in the gas mixture showed that the ammonia addition allows a better control of nitrogen incorporation in the film structure, while increasing film transparency and reducing the growth rate. © 2007 Elsevier B.V. All rights reserved. Keywords: Plasma processing and deposition; Chemical vapor deposition; Fourier transform infrared spectroscopy (FTIR); a-SiCON:H



1. Introduction Silicon–carbon–oxygen–nitrogen amorphous thin-film alloys (a-SiCxOyNz), also called silicon–carbon-oxynitrides, have attracted a considerable interest from the scientific community in recent years, due to their possible applications in several technological fields such as electronics, optoelectronics and quantum electronics [1–3]. However, while silicon– oxygen–nitrogen ternary alloys (a-SiOxNy), also called silicon oxynitrides, have been widely studied in literature [4–7] and are routinely used in the electronic industry for application to coating layers, insulating substrates and optical devices, more informations are still required about the growth process of aSiCxO yN z. Moreover the recent revealing of remarkable nonlinear optical properties of hydrogenated silicon–carbon– oxygen–nitrogen amorphous thin-film alloys (a-SiCxOyNz:H), such as photoinduced second harmonic generation [8–11] has also improved the interest in the physical properties of this material from the point of view of fundamental physics. ⁎ Corresponding author. E-mail address: [email protected] (P. Mandracci). 0040-6090/$ - see front matter © 2007 Elsevier B.V. All rights reserved. doi:10.1016/j.tsf.2006.11.134



Informations about the growth of a-SiCxOyNz films have been published in recent years by several groups, mainly regarding materials synthesized by means of low pressure chemical vapor deposition (LPCVD) [12] and different kinds of plasma-enhanced chemical vapor deposition (PECVD) techniques, sometimes also called plasma-assisted chemical vapor deposition (PACVD) [13,14]. In most cases the gas mixtures used for the films deposition were based on hexamethyldisiloxane [10,11] and ammonia (NH3) [13]; while few information is available in literature about the growth of a-SiCxOyNz films by gas mixtures based on silane (SiH4) and nitrous oxide (N2O). The mixture of silane and nitrous oxide is one of the most used in microelectronics technology for the plasma assisted deposition of silicon dioxide (a-SiO2) and more generally amorphous silicon–oxygen alloys (a-SiOx). Moreover, this gas mixture has also proved to be very useful for the deposition of silicon oxynitrides, sometimes with ammonia addition [4–7]. Although the incorporation of oxygen from the N2O molecules is more efficient respect to nitrogen, thanks to the high reactivity of oxygen atoms with silane radicals, it has been shown [6] that SiH4/N2O mixtures with low N2O content can produce a quite efficient nitrogen incorporation, due to the lack of oxygen
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radicals needed to react with the silane radicals, thus allowing the less favorable silane–nitrogen reactions to take place. To the aim of obtaining an efficient incorporation of Si, C, N and O atoms in the film structure, we choose to start from the well-known silane/nitrous oxide gas mixture and added propane (C3H8) in order to check if the N2O gas was able to act as a source of both oxygen and nitrogen atoms for the film growth when a carbon source was added to the gas mixture. We decided to choose C3H8 as the carbon source because of the lower dissociation energy of this gas with respect to other hydrocarbons, such as methane. The addition of ammonia (NH3) to the gas mixture was considered as a complementary source of nitrogen if the incorporation of this element from N2O was not sufficient to reach the desired level. In this paper we carried out a preliminary study, concerning some of the main physical properties of a-SiCxOyNz:H thin films grown by means of capacitively coupled radio-frequency (13.56 MHz) PECVD, using gas mixtures based on SiH4, C3H8 and N2O with and without NH3 addition. The films properties were also compared to the ones of hydrogenated amorphous silicon–carbon thin-film alloys (a-SiCx:H) deposited in the same growth reactor at similar process conditions. 2. Experimental Films of a-SiCx:H and a-SiCxOyNz:H were deposited by a capacitively-coupled radio-frequency PECVD system using high purity SiH4, C3H8 and N2O as gas sources, with the addition of NH3 for some samples. The deposition system, based on a well-established architecture [15], was provided with a turbomolecular pump, able to reach an ultimate vacuum of about 10- 6 Pa (10- 8 Torr) before the beginning of the deposition process, allowing a good control of the film contamination. It was also provided with a gas manifold with a separated mass flow controller and control unit for each of the reactive gases, in order to allow a complete control of the gas mixture composition. All the deposition parameters except of the gas flows were kept fixed at the following values: the total pressure in the reactor was 53 Pa (400 mTorr), the nominal radio-frequency (13.56 MHz) power density applied to the plasma was 280 W/ m2 (28 mW/cm2) and the substrate temperature was about 493 K (220 °C). The total gas flow was varied in the range from 2.97 10- 7 mol s- 1 to 3.35 10- 7 mol s- 1 (40–45 sccm). The Table 1 Process conditions for the growth of a-SiC:H and a-SiCON:H samples by plasma enhanced chemical vapor deposition (PECVD) Material



T Power Pressure Gas [CH3]/ [NH3]/ [N2O]/ R (K) density (Pa) [SiH4] [SiH4] [SiH4] (nm/s) flow (W/m2) (sccm)



a-SiC:H a-SiCON:H a-SiCON:H a-SiCON:H a-SiCON:H a-SiCON:H a-SiCON:H



493 493 493 493 493 493 493



280 280 280 280 280 280 280



53 53 53 53 53 53 53



45 46 42 40 45 44 45.5



4 4 4 4 4 4 4



0 0 0 0 2 4 6



0 0.75 2 5 2 2 2



0.22 0.31 0.44 0.31 0.28 0.27



process conditions used for the growth of each sample were identified by the three gas-flow ratios: [CH3]/[SiH4], [N2O]/ [SiH4] and [NH3]/[SiH4]; the complete set of process conditions used for the growth of the samples referred to in this paper is reported in Table 1. The substrates used for film deposition were silicon and glass samples, cut from Wafer Silctronic c-Si (b111N orientation, thickness 300 μm and resistivity 30 Ω cm) and Corning glass 7059 wafers, respectively. Silicon substrates were used for FTIR characterization, while glass substrates were intended for transmittance spectroscopy measurements. The cleaning procedure was applied as following: Si substrates were immersed for 2 min in a bath of hydrofluoric acid (HF) diluted at 0.4% in deionized water, then washed in deionized water and finally dried by flowing them with nitrogen; glass substrates were immersed in a acetone ultrasonic bath for 3 min, then washed in deionized water and finally dried by flowing them with dry nitrogen. Silicon and glass substrates were put together in the reactor during the same deposition run in order to obtain the same film deposited on both of them. All deposited films were characterized with respect to the type of chemical bonds by means of Fourier transform infrared spectroscopy (FTIR) using a Perkin Elmer System 2000 FTIR spectrophotometer. The transmission spectrum of each film in the IR spectral region was obtained by the ratio between the transmitted spectrum of the film deposited on a c-Si substrate and the one measured on the substrate without deposition. The film thickness was measured by a Tencor P10 mechanical profiler and the sample growth speed was estimated by the ratio between the film thickness and the deposition time. The films were also characterized with respect to their optical properties by means of UV–VIS transmittance spectroscopy in the range 250– 1800 nm using a Perkin Elmer Lambda 9 spectrophotometer. 3. Results and discussion 3.1. Films grown by SiH4, C3H8 and N2O Fig. 1 shows the FTIR characterization of a-SiCxOyNz:H films grown using a gas mixture of SiH4, C3H8 and N2O: the [N2O]/[SiH4] gas flow ratio was changed in the range 0–5, while the [C3H8]/[SiH4] was kept fixed at 4. In order to identify the FTIR spectra three numbers were reported in parentheses, representing the three gas flow ratios ([C3H8]/[SiH4], [NH3]/ [SiH4] and [N2O]/[SiH4]) that were used for the growth of the corresponding sample. The IR absorption peaks were assigned to the corresponding bond vibration mode according to literature [16]. The first spectra, identified as (4,0,0), refers to an a-SiCx:H film grown using a gas mixture of SiH4 and C3H8: the peak at 650 cm- 1 can be assigned to stretching vibration of Si–C bonds; while the peak at 750 cm- 1 can be identified as wagging and stretching vibration of SiCH3 and SiC respectively. The relative intensities of these two peaks are comparable, as is usually observed in a-SiCx:H films with low carbon content (lower than 30%) [16], suggesting that carbon incorporation in this film could not have reached stoichiometry. The wider peak in the
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Fig. 1. FTIR spectra of a-SiCxOyNz:H films grown by PECVD using SiH4, C3H8 and N2O as gas sources; a-SiCx:H sample is also reported for comparison. Numbers in parentheses refer to the gas flow ratios ([CH3]/[SiH4], [NH3]/[SiH4], [N2O]/[SiH4]).



range 950–1100 cm- 1 can be identified as wagging and rocking vibrations of CHn groups; while another peak of much lower intensity is visible at 1250 cm- 1 and can be assigned to Si–CH3 bending mode: this peak is present in all FTIR spectra considered for this work, showing that incorporation of CH3 groups can be easily achieved using this kind of gas mixture containing propane. Another peak at 2090 cm- 1 can be identified as stretching mode for C-SiH, SiH2 and (SiH)n groups. Finally a group of low intensity peaks is visible in the range 2860–2960 cm- 1, that can be assigned to the presence of CH3 and CH2 sp3 asymmetric and symmetric stretching vibrations. In conclusion, from the FTIR characterization of this a-SiCx:H sample we can say that the carbon incorporation in the film is achieved through both Si–CH3 and Si–C bonds.



Fig. 2. FTIR spectra of a-SiCxOyNz:H films grown by PECVD using SiH4, C3H8, N2O and NH3 as gas sources. Numbers in parentheses refer to the gas flow ratios ([CH3]/[SiH4], [NH3]/[SiH4], [N2O]/[SiH4]).
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The other FTIR spectra showed in Fig. 1 are related to aSiCxOyNz:H samples, grown at gas flow ratio [N2O]/[SiH4] equal to 0.75, 2 and 5: they show quite similar structures, with quite well defined absorption peaks. In all of these spectra a strong peak at 1055 cm- 1 is clearly visible and can be easily assigned to Si–O stretching vibration modes; a second peak at ∼870 cm− 1 is more difficult to identify: it could probably be assigned to a superposition of the stretching mode of SiN3 groups and the bending mode of H–SiO3, according to [16]; but in this spectral region also other modes are reported, such as the doublet mode for (SiH2)n at 845 and 890 cm− 1 and the Si–O–Si mode of a (SiO)n ring configuration at 880 cm− 1. A wide absorption peak is also present in the region 2100–2180 cm− 1, that could be assigned to stretching vibrations of H2SiN2 and H2SiN3. In the a-SiCxOyNz:H spectra is also possible to observe the presence of peaks in the range 2860–2960 cm− 1, due to the presence of CH3 and CH2 sp3 asymmetric and symmetric stretching vibrations. The sample grown at the lowest [N2O]/ [SiH4] gas flow ratio and named (4,0,0.75) shows also the presence of peaks related to Si–C stretching and SiCH3 wagging — SiCH3 stretching modes, with a higher intensity compared to the two samples grown with higher N2O fluxes. Since the Si–CH3 bending and CH2,3 stretching modes are present in all samples with similar intensities, it seems that the addition of N2O to the SiH4/C3H8 gas mixture favors the incorporation of CH3 respect to the formation of Si–C bonds in the film structure. The relative intensity of Si–O stretching peak with respect to the one assigned to H2SiN2 and H2SiN stretching increases as the [N2O]/[SiH4] gas flow ratio is increased, suggesting that oxygen incorporation in the film structure is strongly favored with respect to carbon and hydrogen, as could be expected since the high reactivity of oxygen atoms with silane radicals. The optical characterization in UV–VIS range is reported in Fig. 3: the absorption coefficient of the films was reported as a function of the photon energy. In order to compare the absorption properties of the films it is useful to introduce the E04 coefficient, defined as the photon energy that gives rise to an absorption coefficient of 104 cm− 1. It is clearly visible that



Fig. 3. Optical absorption spectra of a-SiCxOyNz:H films in UV–VIS range, plotted as a function of photon energy. Numbers in parentheses refer to the gas flow ratios ([CH3]/[SiH4], [NH3]/[SiH4], [N2O]/[SiH4]).



7642



P. Mandracci, C. Ricciardi / Thin Solid Films 515 (2007) 7639–7642



the increase of the [N2O]/[SiH4] gas flow ratio from 0.75 to 2 leads to a considerable increase of the E04 from about 2,95 eV to 3.2 eV; moreover when [N2O]/[SiH4] gas flow ratio if further increased to 5, an E04 of about 3.95 eV is reached. This behavior is most probably a result of the increasing oxygen incorporation. The growth speed, reported in Table 1, increases with the increase of N2O concentration in the gas mixture, as could be expected by the presence of more O atoms at disposal for reaction with silane radicals. 3.2. Films grown by SiH4, C3H8, N2O and NH3 Fig. 2. shows the FTIR characterization of a-SiCxOyNz:H films grown using a gas mixture of SiH4, C3H8, N2O and NH3: the [NH3]/[SiH4] gas flow ratio was changed in the range 0–6, while [C3H8]/[SiH4] and [N2O]/[SiH4] were kept fixed at 4 and 2 respectively; also in this case the numbers showed in parentheses refer to the three gas flow ratios in the following order: [C3H8]/[SiH4], [NH3]/[SiH4] and [N2O]/[SiH4]. These FTIR spectra show remarkable differences with respect to the ones showed in Fig. 1: at the lowest [NH3]/ [SiH4] gas flow ratio, the spectra is dominated by three peaks of nearly equal intensities, located at about 850, 950 and 1055 cm− 1: the second and third peak can be assigned respectively to CHn wagging/rocking and Si–O stretching; while the first one could be due to NSi3 asymmetric stretching vibrations, and is usually observed in a-SiN:H films grown by PECVD in SiH4 and NH3 gas mixtures [16]. It can be also observed from comparison to the other spectra in Fig. 1 that when the ammonia to silane gas flow ratio is increased, the relative intensity of the first peak increases, while the intensity of Si–O stretching peak is reduced, according with the hypotheses of an increase of the nitrogen incorporation in the film with the increase of ammonia concentration in the reactor. Another peak of relatively lower intensity can also be observed at 1150 cm− 1 and can be assigned to NH bending vibrations; since this peak was not observed in FTIR spectra relative to samples grown without ammonia, or at least it was masked by the much higher Si–O stretching peak, the ammonia addition seems to have been efficient in enhancing nitrogen incorporation in the film structure. This seems also confirmed by the presence of the NH stretching peak at 3340 cm− 1, that was absent in spectra acquired from samples grown without ammonia addition. The carbon incorporation in the films is probably achieved mainly by CH3 groups, as could be stated by the presence of Si–CH3 bending at 1250 cm− 1 and CH2, CH3 asymmetric stretching in the range 2860–2960 cm− 1. In conclusion the ammonia addition to a mixture of silane, propane and nitrous oxide at a relatively small [N2O]/[SiH4] gas flow ratio gives rise to an increased nitrogen incorporation in the films and thus could be used for a better tuning of the elemental composition of a-SiCxOyNz:H films. The optical characterization, reported in Fig. 3, shows that ammonia addition to the gas mixture leads to a substantial change in the film optical properties, increasing the optical gap



E04: when the [NH3]/[SiH4] gas flow ratio is increased from 0 to 2, while keeping fixed the other condition, a considerable increase of the optical gap E04 can be observed, from 3.2 eV to about 3.9 eV. However, a further increase of the ammonia concentration ([NH3]/[SiH4] equal to 4 and 6) has little effect on the film optical properties, since the three absorption curves of films grown with ammonia addition are quite near one to each other. The film growth rate, reported in Table 1, shows a slight decrease as the ammonia concentration is increased; this could be explained by the increase of hydrogen concentration in the gas mixture that could produce an etching effect in competition with the film growth process. 4. Conclusions Films of hydrogenated silicon–carbon–nitrogen–oxygen amorphous thin-film alloys (a-SiCxOyNz:H) were grown by plasma enhanced chemical vapor deposition (PECVD) at different gas compositions, obtaining growth rates varying from 0.22 to 0.44 nm/s. The chemical bonding structure and the optical properties were investigated by FTIR and UV–VIS spectroscopy, while the growth speed was extracted from mechanical profilometry measurements. The effect of ammonia addition to the gas mixture was shown to improve the nitrogen incorporation in the films, while leading to a substantial change of the films optical properties and slightly reducing the growth speed. References [1] Y. Kuo, in: G.S. Mathad, M. Meyappan (Eds.), Proceedings of the Eleventh International Symposium on Plasma Processing, The Electrochemical Society, Pennington, 1996, p. 668. [2] Y. Zhou, X. Yan, E. Kroke, R. Riedel, D. Probst, A. Thissen, R. Hauser, M. Ahles, H. Von Seggern, Material.wiss. Werkst.tech. 37 (2006) 173. [3] L.M. Goldman, S.K. Jha, N. Gunda, R. Cooke, N. Agarwal, S.A. Sastri, A. Harker, J. Kirsch, in: W. Tustison (Ed.), Proceeding of SPIE, vol. 5786, The International Society for Optical Engineering, Orlando, 2005, p. 381. [4] K.E. Mattsson, J. Appl. Phys. 77 (1995) 6616. [5] I. Pereyra, M.I. Alayo, J. Non-Cryst. Solids 212 (1997) 225. [6] M.I. Alayo, I. Pereyra, M.N.P. Carreno, Thin Solid Films 332 (1998) 40. [7] M.I. Alayo, I. Pereyra, W.L. Scopel, M.C.A. Fantini, Thin Solid Films 402 (2002) 154. [8] A. Rodriguez, Opt. Mater. 19 (2002) 269. [9] G. Strauberg, E. Kleinmann, F. Rastocini, Physica B 349 (2004) 19. [10] K. Ozga, I.V. Kityk, P. Mandracci, A. Slezak, Nonlinear Optics, Quantum Optics, 33 (2005) 263. [11] I. Kityk, P. Mandracci, Phys. Lett. A 340 (2005) 466. [12] L.M. Zarnbov, B. Ivanov, C. Popov, G. Georgiev, I. Stoyanov, D.B. Dimitrov, J. Phys. IV 11 (2001) (Pr3–1005). [13] Z.G. Xiao, T.D. Mantei, Surf. Coat. Technol. 172 (2003) 184. [14] W. Grahlert, V. Hopfe, in: J.A. de Haset (Ed.), AIP Conf. Proc., vol. 430, 1998, p. 631. [15] A. Madan, P. Rava, R.E.I. Schropp, B. von Roedern, Appl. Surf. Sci. 70– 71 (1993) 716. [16] F. Giorgis, C.F. Pirri, in: H.S. Nalwa (Ed.), Silicon Based Materials and Devices, vol. 1, Academic Press, London, 2001, p. 187, and references therein.
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