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RF bias to suppress post-oxidation of µc-Si:H films deposited by inductively-coupled plasma using a planar RF resonant antenna
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One challenge for microcrystalline silicon (µc-Si:H) deposition is to achieve high deposition rates while maintaining high quality films. In this work, an inductively-coupled plasma (ICP) is used to deposit µc-Si:H on glass substrates by means of a novel planar resonant antenna at 13.56 MHz. No particle formation occurs in the low pressure (5 Pa) plasma, but the films suffer post-oxidation. By embedding a 5 MHz RF-biased substrate, films deposited simultaneously with and without RF bias are compared. It is shown that large area, low pressure (5 Pa), particle-free ICP deposition at 1 nm/s of µc-Si:H films can be obtained without post-oxidation by means of a planar resonant antenna, provided that RF substrate bias is included for independent control of the ion energy.
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1. Introduction
Hydrogenated microcrystalline silicon (µc-Si:H) thin films have found widespread application, for example, in flat panel display and solar cell industries [1-6]. Plasma-enhanced chemical vapor deposition has been used for large area (> 1m2) deposition of µc-Si:H by using capacitively-coupled plasma (CCP) reactors [3,4,7]. One drawback of CCP at the conventional 13.56 MHz frequency is the limitation of the deposition rate to obtain high material quality [8]. A related problem is the high ion bombardment energy onto the growing film due to the high voltage RF sheaths (typically, 102 V) which can lead to an accumulation of stress with a risk of post-process delamination or degradation of the film electrical properties. Various techniques have been successful for reducing ion energy for high quality µc-Si:H deposition in CCP, such as Very High Frequency [4,8-13], and special reactor configurations [14-16]. Also, collisional sheaths [9,11,12,16-18] can reduce the ion energy at the substrate because ions lose energy while crossing the sheath potential. For this to occur, the ion mean free path must be short (~10-1 mm) compared to the sheath width (~100 mm). This requires high pressures, ~100 mbar (~102 Pa), which can lead to radical agglomeration and powder formation, deleterious for plasma processing [19].
Inductively-coupled plasma (ICP) has also been used to deposit µc-Si:H on glass because the high plasma density can yield fast deposition rates [20-26], and large area ICP reactors have been developed for this purpose [5,21,24,27-41]. Furthermore, ICPs are characterized by low sheath voltages: The minimum ion energy, ~20 eV, for ICPs is determined by the floating sheath potential drop (~20 V) which is much lower than for conventional CCP where the ion bombardment energy can be of the order of 102 eV [6,27]. However, if µc-Si:H films exhibit post-oxidation, whether deposited by ICP or low-ion-energy CCP, this is incompatible with high quality material [26,42,43]. One conclusion has been that at least some moderate ion bombardment energy (more than 20 eV but less than 102 eV, depending on the reactor and plasma parameters) is necessary to produce high quality films [44-49].
In this paper we show the first results obtained for µc-Si:H deposition using a novel, large area, 13.56 MHz planar resonant antenna as an ICP source [41]. This network could be considered as an alternative to coil ICPs by providing a spatially-distributed resonance structure over the whole plasma area [41,50]. After describing the experimental setup in Section 2, the deposited layers without RF bias (Section 3.1) and with RF bias (Section 3.2) are compared in terms of post-oxidation, by embedding a 5 MHz RF-biased substrate. The effects of RF bias on µc-Si:H deposition are discussed in Section 4. It is concluded that large area, low pressure (5 Pa), particle-free ICP deposition of µc-Si:H films without post-oxidation can be obtained using a RF resonant antenna, provided that RF substrate bias is included for independent control of ion energy.

2. Experiment description
The planar RF resonant antenna source in Fig. 1 is made up of 23 parallel copper legs 37 cm long, regularly spaced to define a 47 x 37 cm2 plasma area. The legs, which act as inductors, are interconnected at both ends by 1.1 nF capacitors. With this design, the antenna network presents a mode resonance at 13.56 MHz [50]. This concept of spatially-distributed mode resonance has been demonstrated for ICP plasmas as large as 1.4 m2 [41], and can in principle be extended to indefinitely-large areas. The resulting antenna resonance currents generate RF plasma currents by magnetic induction, without the need for currents across the capacitive sheaths, and hence the sheath voltage can be as low as the floating potential (~20 V). The 13.56 MHz RF power (typically 1 kW) for the ICP resonant antenna was connected to one end of the central leg, and the antenna current returned via two neighboring connectors to the grounded housing, as shown in Fig. 1. The entire antenna assembly is embedded in polyimide dielectric foam to prevent spurious plasma ignition within the antenna. The lower surface of this foam is protected from plasma exposure by a set of 12 overlapping alumina tiles, 0.5 mm thick, mounted using ceramic screws.
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Fig. 1. Scale drawings of the novel ICP reactor: (a) Open plan view showing the planar RF antenna; the inset shows the capacitors, copper legs, and the cooling tubes. (b) Cross-section of the reactor showing the 13.56 MHz RF power (1 kW) input to the antenna, and the 5 MHz RF bias plate supply (50 W). The antenna is embedded in dielectric foam and protected by alumina tiles. The glass substrate with silicon wafer samples rests on the grounded baseplate and the RF bias plate.

The grounded, aluminum reactor housing encloses the whole assembly and forms the ground reference for the 13.56 MHz antenna and also for a 5 MHz RF bias supply (described below). The reactor is placed inside a vacuum chamber.
The films were deposited on a glass substrate placed on the aluminum baseplate 7 cm below the alumina tiles. Silicon wafer samples, placed on the glass, were used for characterization by Raman and Fourier Transform Infrared (FTIR) spectroscopy. The substrate was heated to 220 °C by means of resistive heating wire outside the reactor. The pressure for all the depositions was 5 Pa; at this low pressure, no powder was observed in the reactor nor in the exhaust, which is an advantage of this ICP deposition method, in contrast to CCP at mbar (102 Pa) pressures [19]. Thus ICP can avoid particulate contamination of the growing film, as well as costly downtime for reactor and exhaust cleaning, and pump maintenance. The flowrates for silane and hydrogen were respectively 20-100 sccm and 250-750 sccm, depending on the dilution and the required deposition rate.
Control of the ion bombardment energy was achieved by incorporating an independent 10x10 cm2 RF biased plate in the center of the base of the grounded housing as shown in Fig. 1(b). A 5 MHz RF generator of 50 W maximum power was used to apply a peak-to-peak voltage of up to 250 Vpp on this plate, referenced to the grounded housing. Because the RF bias voltage is directly applied between the bias plate and ground, it is a CCP source, where the RF voltage appears across the series impedance of the plasma and the sheaths. Because the sheath capacitive impedance varies inversely with frequency, frequencies of a few MHz or less ensure that the principal voltage drop occurs across the sheaths, which is the aim of the RF bias to control the ion energy. 5 MHz was sufficiently far below 13.56 MHz so that simple filters could be used to suppress any interference between the power supply circuits, although other frequencies could be used. Simultaneous comparison of depositions with and without RF bias was made between silicon wafer samples located inside and outside of the bias area. The deposition conditions are summarized in Table 1 in the appendix.
The film crystallinity was measured by means of Raman spectroscopy (532 nm laser and 0.25 cm-1 resolution) by spectral deconvolution of three Gaussian functions centered at the 480, 510 and 520 cm-1 peaks [51-53]. Post-oxidation of the films was measured using FTIR spectroscopy (400 - 4000 cm-1 with 2 cm-1 resolution) using the peak identification of Bronneberg et al. [54], as described in section 3.1. The film refractive index, measured at 500 nm by spectroscopic ellipsometry, was analyzed according to the effective medium technique [55,56] as described in section 3.2.

3. Results
The properties of films deposited by the planar ICP source without RF bias are shown in Section 3.1 in order to provide the reference conditions. The effect on post-oxidation of the film by adding RF bias at 5 MHz is then described in Section 3.2.
3.1 µc-Si:H films deposited without RF bias
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Fig. 2. Raman spectroscopy measurements and crystallinity results Xc as a function of Raman shift, without RF bias; (a) for various H2 dilutions at a constant deposition rate of 0.5 nm/s, by varying the silane and hydrogen flowrates, and (b) for various deposition rates at constant 90% H2 dilution, also by varying the silane and hydrogen flowrates. The RF power at 13.56 MHz was fixed at 1 kW, and the pressure was fixed at 5 Pa. The spectra are displaced vertically for clarity.
Figure 2(a) shows Raman measurements for samples deposited with different H2 dilutions at the same deposition rate. As shown by previous studies [57], stronger hydrogen dilution clearly increases the crystallinity. In Figure 2(b), the Raman spectra with 90% H2 dilution reveal that crystalline fractions of about 65%, corresponding to the requirements for PV quality µc-Si:H layers [7,12,58,59], can be obtained regardless of the deposition rate. Hence 90% H2 dilution was used as the reference condition for all subsequent depositions. These results show that the films deposited by the planar resonant antenna have a similar crystallinity dependence, regarding hydrogen dilution, to those of other plasma deposition reactors [57].
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Fig. 3. Time dependence of FTIR spectra after deposition, without RF bias, of a µc-Si:H film deposited at 1.9 nm/s. The H2 and SiH4 flows were respectively 650 and 70 sccm (90% H2 dilution). 13.56 MHz RF power at 1 kW and 5 Pa pressure. The spectra are displaced vertically for clarity.

Figure 3 shows FTIR spectra of a film measured for different times after deposition. Characteristic absorption regions for a µc-Si:H sample [54,60] include the Si-Hx wagging at 600-700 cm-1, Si-H2 bending at 850-910 cm-1, and Si-Hx stretching at 2000-2150 cm-1. Amongst the Si-Hx stretching modes, the low stretching mode (LSM) near 2000 cm-1 and the broad high stretching mode (HSM) around 2100 cm-1 have been described in the literature [60]. These peaks and their intensities give some indication about the oxidation of the µc-Si:H layer, as follows: 
(i) In Figure 3, the spectrum measured 10 min after deposition already shows a significant Si-O-Si asymmetric stretching peak at 1000 - 1200 cm-1 corresponding to oxygen contamination which is incompatible with the electrical properties required for device-grade material [11,26,42,43,60]. This is probably due to residual oxygen contamination from gas lines and outgassing of the dielectric foam in this prototype reactor [61], as well as from exposure to air after venting the vacuum chamber. For the spectra at later times, the amplitude of the Si-O-Si peak (as well as the OxSiHy peak) strongly increases, while the intensities of the SiHx stretching and wagging are reduced: The µc-Si:H structure has changed by promoting the strong Si-O-Si bonds, as demonstrated by Bronneberg et al. [54].
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Fig. 4. Relative increase in the SiOx peak (1000-1200 cm-1) with time after deposition, without RF bias, for different deposition rates (labelled for each line) with 90% H2 dilution. The dashed lines are drawn to guide the eye.
(ii) The LSM (~2000 cm-1) is almost absent in all of the spectra in Fig. 3, while the HSM (~2100 cm-1) dominates. Bronneberg et al. [54] have proposed that this behavior reveals that the amorphous tissue between the grains has nanovoids. Fig. 3 shows the HSM of the amorphous tissue diminishing as the film oxidizes [54].
Post-oxidation of Si films is deleterious for solar cell performance [43,60]. The use of high H2 dilution exacerbates this effect due to the formation of Si-H bonds in the crystalline grain boundaries, where contact with air promotes the formation of SiOx and OxSiHy bonds [54].
Figure 4 shows the continuing post-oxidation [26] by plotting the increase with time of the area of the FTIR peak for SiOx (1000-1200 cm-1), divided by its initial area. The amount of post-oxidation is clearly greater for films deposited at faster deposition rates. 

3.2 Effect of the RF bias on post oxidation of the µc-Si:H film 
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Fig. 5. Comparison of the FTIR spectra with (black line) and without (red line) RF bias (200 Vpp at 5 MHz) (a) 10 min after deposition, and (b) after 800 h. The H2 dilution was 90% at 5 Pa pressure and the ICP antenna RF power was 1 kW at 13.56 MHz. The spectra are displaced vertically for clarity.
To illustrate the effect of ion bombardment on post oxidation, Figure 5 shows the FTIR spectra obtained for two samples deposited simultaneously in the same process, one located inside the RF bias region (see Fig. 1(b)), and the other outside. Raman measurements show a crystallinity of 63-65% for both samples (not shown). For this example, the applied RF bias voltage was Vpp = 200 V at 5 MHz. The deposition rate was 0.88 nm/s for the sample inside the bias zone, and 0.7 nm/s for the sample outside the bias zone. This shows that the RF bias was not strongly affecting the plasma deposition rate because this non-uniformity is consistent with the dome shape typically measured for large area planar resonant antenna sources [41]. Furthermore, the RF bias 5 MHz power supply was limited to 50 W maximum power, which is less than 5% of the ICP antenna power of 1 kW at 13.56 MHz. This confirms that the 5 MHz bias power supply does not strongly perturb the power dissipated in the plasma by the ICP antenna. The ion bombardment energy caused by the RF bias was not measured directly, but for such an asymmetric arrangement (bias electrode area << total grounded area), an upper limit for the ion energy would be given by eVpp/2 = 100 eV [62]. Furthermore, this ion energy is gained by crossing the voltage drop of the sheath in front of the smaller electrode [62], that is to say, at the RF bias electrode in this case. To summarize, the action of the 50 W RF bias supply at 5 MHz is principally to provide a negative polarization DC bias at the RF bias electrode, whereas the 1 kW ICP at 13.56 MHz supplies the dissipated power responsible for plasma dissociation and deposition. 
Figure 5(a) shows that the FTIR spectra of both samples measured just after deposition are similar. However, after 800 h, Figure 5(b) shows a very clear effect of the RF bias: 
(i) The FTIR spectrum of the sample without RF bias shows a strong increase in the Si-O-Si and OxSiHy peaks, whereas the spectrum for the sample deposited with RF bias remains unchanged even after 800 h. This is the main result of this paper, and it clearly shows that the substrate RF bias can be used to avoid post-oxidation in the growing µc-Si layers [44-49,60].
(ii) The HSM (~2100 cm-1) dominates the LSM (~2000 cm-1) for all cases, as also in Figure 3, indicating that the amorphous tissue exhibits nanovoids, according to Ref. [54]. For the unbiased samples, the HSM diminishes as the amorphous tissue oxidizes [54], also as in Fig. 3. However, for the RF-biased material, the HSM remains unchanged by exposure to air; this could be interpreted as though the amorphous tissue were sealed within the film, thus protecting both the micro-crystalline and the amorphous phases from post-oxidation.
Both (i) and (ii) are consistent with the interpretation that ion bombardment due to the RF bias results in films resistant to post-oxidation [48].
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Fig. 6. Relative increase in the SiOx peak (1000-1200 cm-1) one week after the depositions, as a function of the RF bias peak-to-peak voltage at 5 MHz, for three deposition rates (labelled on the lines) by varying the silane and hydrogen flowrates. The hydrogen dilution was 90% at 5 Pa pressure, and the ICP antenna RF power was 1 kW at 13.56 MHz.

Figure 6 illustrates the influence of the RF bias peak-to-peak voltage on the layer post-oxidation for different deposition rates. The post-oxidation of each film is characterized here by the relative increase of the Si-O-Si peak after one week. For growth rates up to 1 nm/s, a 200 Vpp RF bias is sufficient to avoid post-oxidation. For higher rates, the same trend is observed, but higher voltages should probably be applied to suppress post-oxidation, unless the ion energy becomes so high that ion bombardment damage occurs [44].
Films of µc-Si:H were also investigated by measuring their refractive index which can be interpreted using the Bruggeman Effective Medium Approximation [56]. Using the technique of Astrova and Tolmachev [55], the volume fractions of the film are deduced by making some assumptions based on the known properties of silicon and silicon oxide, for example, that oxidation of silicon produces a factor 2.27 increase in volume [55]. In this way, the silicon volume fraction and the volume of porous fraction can be estimated: If f is the silicon volume fraction before oxidation, and x is the part of silicon converted to silicon oxide occupying a volume 2.27x, then the post-oxidized layer is composed of volume fractions  of silicon, and 2.27x of silicon oxide. Therefore, the volume of porous fraction, , is . Using these volume fractions, the Bruggeman effective medium equation, [55]
						(1)
gives the relation between the material refractives indexes and their volume fractions. The parameters F, G, V are , where are the refractive indexes of silicon and silicon oxide respectively, and  is the index of the post-oxidized film measured by spectroscopic ellipsometry. 
Figure 7 shows the estimated range of the initial volume fraction of silicon, , and the maximum value for the porous volume fraction , as a function of RF bias voltage. These results were obtained on samples deposited at 1 nm/s; similar trends were observed for 0.5 and 2 nm/s. The effect of the RF bias is to increase the silicon volume fraction to about 98% for a RF peak-to-peak bias voltage of 200 Vpp.
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Fig. 7. Using refractive index measurements to estimate the initial volume fraction of silicon (line) and the maximum fraction of pores in the layer (bars), as a function of the RF bias voltage at 5 MHz, for a deposition rate of 1 nm/s with 90% H2 dilution. The ICP antenna RF power was 1 kW at 13.56 MHz, with 5 Pa pressure.


4. Discussion of the effect of RF bias on µc-Si:H thin film deposition
In this section, possible explanations for the experimental observations are considered, in order of increasing ion bombardment energy.
4.1 Film growth with no RF bias (floating potential, ion energy < 20 eV)
It is generally observed that ICP deposition of µc-Si:H at low substrate temperature (Tsub ~ 100 - 300 °C) without RF bias results in films consisting of columnar structures with a rough surface [26]. The silicon nanostructures oxidize gradually and uniformly throughout the film thickness when exposed to air which diffuses into the surfaces of the cracks between the columns during days and weeks at room temperature. This post-oxidation is responsible for poor electrical properties [63,64]. 
	To explain this columnar growth, we note that the substrate temperature, Tsub, is much less than the film melting temperature Tmelt ~ 1200 - 1400 °C, for which  in Kelvin; this means that the films are synthesised far from thermodynamic equilibrium [65]. By analogy with physical vapor deposition (PVD), this low ratio corresponds to low adatom mobility where the surface atoms can move only 1 to 3 atomic positions, resulting in deposition of columnar thin films with vertical cracks running through the film thickness, and an underdense morphology. Columns preserve the random orientation of nucleation sites as predicted by ballistic models, and surface roughness causes atomic shadowing leading to columnar growth in the presence of limited surface diffusion [65], especially on substrates with sharp-edged roughness [43]. This mechanism is consistent with the PVD-like deposition of µc-Si:H by SiH2 radicals in diluted silane plasmas [66,67]. Competition between surface mobility and growth rate means that faster-deposited films are more susceptible to post oxidation [43,63], consistent with the results shown in Fig. 4.
4.2 Film growth using moderate RF bias (ion energy ~ 30 to 60 eV)
	Low energy ion irradiation during growth is extensively used to overcome rough and underdense microstructures of refractory materials deposited at low substrate temperature (typically ) [65]. In structure zone models [68,69], the concurrent ion bombardment energy per adatom, inherent in plasma-enhanced CVD, provides an additional dimension for modifying the thin film microstructure. The ions contribute a hyperthermal surface-localized energy, which enhances surface mobility beyond the values associated with  [65]. For ion energies > 20 eV, ions can also displace a Si atom at the surface, which directly enhances surface migration and is characterized by a reduction in nanovoids and an improvement in electrical properties. This ion-bombardment-induced adatom mobility can eliminate shadowing effects and redistribute materials between clusters and columns, which transforms the microstructure into a transition zone material with compressive stress, a smoother surface, and a film with only short-range (< 10 nm) void distributions that do not traverse the film thickness [68]. These films therefore do not absorb atmospheric oxygen. The competition between enhanced surface mobility (depending on ion flux and energy) and growth rate (depending on adatom flux) means that faster-deposited films require higher-voltage RF biasing to resist post oxidation, consistent with results shown in Fig. 6. For these airtight films, the initial oxygen content in Fig. 5(a) is assumed to come from reactor outgassing during plasma deposition. 
	RF biasing has also been used to manipulate the microstructure of µc-Si:H in a remote expanding thermal plasma [70] and in magnetron sputtered films [71], where -40 V DC bias was sufficient to increase the surface mobility of the radicals, without damaging the structure. Analogous observations were also made using silicon transport in a DC hydrogen plasma [72]: Post-oxidation occurred for films deposited at floating potential, whereas no oxygen incorporation was observed for films deposited with a DC bias of -50 V.
4.3 Film damage using high RF bias (ion energy > 60 eV)
	For ion energies above 60 eV, high defect densities and compressive stress can occur [65]. Ions can displace a Si atom in the bulk (several mono-layers deep) causing local amorphization of the µc-Si:H film and incorporation of vacancies [16,18,70]. In magnetron sputtering deposition, this degrades crystallinity by breaking ordered Si-Si bonds [71].
	In conclusion, plasma deposition of µc-Si:H films is a physico-chemical process, whereby plasma-enhanced CVD provides the SiHx and H radicals, and ion energy provides the PVD-enhanced surface mobility to avoid columnar growth. Films with good electrical properties can only be obtained by careful compromise of growth rate, substrate temperature, ion energy and ion flux [65]. The experimental observations in Figures 4 and 6 are consistent with this model. Ideally, the ion energies and fluxes should all be adapted throughout film growth [44]. In CCP sources, the sheath voltage depends on the discharge power, whereas RF bias provides independent control of ion energy in the planar resonant ICP source.

5. Conclusions
Hydrogenated microcrystalline silicon (µc-Si:H) thin films were deposited using a 13.56 MHz inductively-coupled plasma generated by a novel planar resonant antenna in silane with 90% hydrogen dilution. This resonant network concept could be considered as an alternative to coil ICPs by providing a spatially-distributed mode resonance structure over the whole plasma area [41]. However, without RF bias, the deposited layers suffered strong post-oxidation even for low deposition rates of about 0.2 nm/s. By applying a 5 MHz RF bias voltage to an embedded substrate during deposition, the post-oxidation of the µc-Si:H layers was reduced: For deposition rates up to 1 nm/s, using 200 V peak-to-peak voltage for a maximum ion energy of ~100 eV, post-oxidation was eliminated. Enhanced surface mobility, due to ion impact and localized hyperthermal heating, is the probable factor in the reduction of columnar structures and post-oxidation of plasma-deposited µc-Si:H. 
The combined use of an ICP source with substrate RF bias is advantageous because the ion bombardment energy can be chosen independently of the RF power of the ICP to optimize the layer properties, in contrast to CCP reactors where the ion bombardment energy depends on the source power. 
In conclusion, it is shown that ICP deposition of µc-Si:H films resistant to post-oxidation can be obtained using a planar resonant antenna, provided that RF substrate bias is included for independent control of ion energy.

Acknowledgments
This work was supported by Swiss Commission for Technology and Innovation grant no. 15082.1 PFIW-IW, and TEL Solar AG, Switzerland.

Appendix
	Fig. No.
	R [nm/s]
	Dilution [%]
	Bias voltage [Vpp]
	Xc [%]

	Fig. 2(a)
	0.5
	0, 70
	0
	0

	
	0.5
	90
	0
	58.0±2.6

	Fig. 2(b)
	0.5
	90
	0
	64.8±4.2

	
	1
	90
	0
	65.7±2.4

	
	2
	90
	0
	67.4±2.4

	Fig. 3
	1.9
	90
	0
	~65

	Fig. 4
	0.25,0.5,1,1.9
	90
	0
	~65

	Fig 5
	0.7
	90
	0
	~65

	
	0.88
	90
	200
	~65

	Fig. 6
	0.5
	90
	0,200,250
	~65

	
	1
	90
	0,30,60,125,200,250
	~65

	
	2
	90
	0,30,60,125,215,220
	~65



Table 1. Summary of the deposition conditions for Figs. 2-6. Deposition rate R [nm/s], dilution of the silane flow as a percentage of the total flow, RF bias voltage as a peak-to-peak voltage, and Raman crystallinity percentage Xc. For all depositions: film thickness is 1±0.2 m, total pressure 5 Pa, substrate temperature 220 °C, RF power 1 kW at 13.56 MHz, RF bias at 5 MHz.
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