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Structural properties of amorphous silicon prepared from hydrogen diluted silane

Introduction

The first amorphous silicon layers were reported in 1965 as films of "silicon from silane" deposited in a radio frequency glow discharge [1]. Ten years later, Walter Spear and Peter LeComber from the Dundee University reported that amorphous silicon had semiconducting properties. They demonstrated that the conductivity of amorphous silicon can be manipulated by several orders of magnitude by adding some phosphine or diborane gas to the glow discharge gas mixture [2]. It was not recognized immediately that hydrogen plays an important role in the newly made amorphous silicon doped films. In fact, amorphous silicon suitable for electronic applications, requiring doping, is an alloy of silicon and hydrogen. Electronic grade amorphous silicon is therefore called hydrogenated amorphous silicon (a-Si:H).

Soon after demonstrating successful doping of a-Si:H it was observed that a-Si:H under light exposure underwent the reversible changes in electronic properties; known as Staebler-Wronski effect (SWE) [3]. This effect is a drawback to many a-Si:H applications and in particular for thin-film silicon solar cells. Today thin-film silicon solar cell technology is emerging as a serious alternative for bulk crystalline silicon technology. Therefore the understanding and suppression of the SWE effect has become more important. The mechanisms governing the degradation and the role of hydrogen are still under debate [4]. Despite the lack of full understanding, there has been some success in reducing the SWE in a-Si:H based solar cells [5,6,7].

Three different ways to grow amorphous silicon that result in a reduction of the SWE degradation have been reported. The first is to grow a-Si:H using plasma enhanced chemical vapor deposition (PECVD) in which the silane source gas is diluted with hydrogen [8]. The level of dilution is expressed by the dilution ratio R, which is defined as R=[H 2 ]/[ SiH 4 ]. The a-Si:H deposited from hydrogen diluted silane is referred to as protocrystalline silicon (pc-Si:H) [9]. This is related to the fact that, under sufficient hydrogen dilution, the growth of Si:H will eventually evolve from the amorphous phase to the microcrystalline phase. The second approach is a so called polymorphous silicon (pm-Si:H) that is also grown from a mixture of silane and hydrogen but under high pressure conditions in the powder regime of the PECVD deposition [10]. A distinct feature of the polymorphous silicon is the presence of the structurally-ordered nanoscale inclusions in the amorphous matrix [11]. The small crystallites are formed in the gas phase and are embedded in the amorphous film. Finally, amorphous silicon grown by hot wire chemical vapor deposition (HWCVD) at elevated substrate temperatures was also found to be more stable than standard a-Si:H [START_REF] Mahan | AIP Conf. Proc[END_REF].

A common structural property of the amorphous silicon films with increased stability is the narrowing of the first scattering peak (FSP) of the X-Ray Diffraction (XRD) patterns. The narrowing of this peak is an indication for an improved medium range order (MRO). The reduction in the full width at half maximum (FWHM) value of the FSP has been observed by Guha et. al. for hydrogen diluted silicon films [START_REF] Guha | [END_REF], by Mahan et. al. for high substrate temperature HWCVD a-Si:H [14] and by S. Lebib et. al. [15] for pm-Si:H. On the other hand, there are strong differences in hydrogen content between the films deposited using PECVD and HWCVD. The hydrogen content of PECVD deposited pc-Si:H and pm-Si:H is similar or slightly larger than that of standard a-Si:H [15,16]. However, a-Si:H deposited at high substrate temperatures using HWCVD has a much lower hydrogen concentration [17]. Mahan suggests that small silicon crystallites are present in pc-Si:H and that the majority of the hydrogen is bonded to these crystallites [18]. The remaining amorphous material is depleted The existence of H-rich regions at the boundary between crystallites and the amorphous matrix has also been observed for pm-Si:H [19].

In this article we analyze the structural properties of Si:H deposited by PECVD using hydrogen dilution of the silane source gas in the protocrystalline growth regime. The experimental details of preparation and characterization of the individual films and complete solar cells that have been used in this work are described in section 2. The influence of the addition of hydrogen to the silane source gas on the evolution of structural properties is demonstrated in subsection 3.1 by using the TEM images of the films. Depending on the level of hydrogen dilution the evolution includes a phase transition from the amorphous to microcrystalline phase. In subsection 3.2 we focus on structural properties of pc-Si:H, the amorphous material below the onset of the mixed amorphous and microcrystalline phase. The influence of the hydrogen dilution on the XRD patterns of these pc-Si:H films and the analysis of the XRD patterns is presented in this subsection. In particular we investigate the narrowing of the FSP in the XRD spectra. The high resolution TEM (HRTEM) images of pc-Si:H and their analysis is presented in subsection 3.3. In subsection 3.4 the results from Raman spectroscopy and infrared spectroscopy are presented and discussed. The pc-Si:H films fabricated at different hydrogen dilutions were applied as absorber layers in singlejunction solar cells. In Section 4 the results of the degradation behavior of these solar cells is investigated and related to the structural properties of the films.

Experimental details

Individual films and solar-cell absorber layers were deposited in the AMOR cluster tool under the following deposition conditions; an rf-power of 4 W, a silane flow of 5 sccm, a substrate temperature of 180 °C and a chamber pressure of 2.6 mbar. The hydrogen dilution was varied between R > 0 and R = 40. An undiluted R = 0 reference film was grown at an rf-power of 4 W, a pressure of 0.7 mbar, a silane flow of 40 sccm and a substrate temperature of 180 °C. The thickness of all films was approximately 300 nm, which corresponds to the thickness of the absorber layer in solar cells. The individual films were deposited on Corning Eagle 2000 type glass substrates and c-Si substrates coated with a 20 nm thick a-Si:H layer grown from pure silane. Single junction p-i-n solar cells were deposited on Asahi U-type substrates using the above described films as the absorber layers. The solar cells have the following structure: p-type a-SiC:H layer (10 nm)/a-SiC:H buffer layer/intrinsic absorber layer (300 nm)/n-type a-Si:H layer (20 nm). The back contact consists of 100 nm silver and 200 nm aluminum.

The structural properties of the films were studied by X-ray diffraction analysis using an automatic powder diffractometer X'pert Pro with a thin film attachment (parallel beam, asymmetric geometry, fixed incident angle ω, 2ϑ-scan) and a proportional detector. Copper Kα characteristic radiation (λ = 0.154178 nm) was used. Because the films were around 300 nm thick and the penetration of CuKα X-rays into the silicon is much more than this value, the XRD patterns were recorded using an asymmetric geometry in order to keep the volume of material that is probed constant. The angle of incidence was fixed to 0.5 deg and the detector moved with a constant step of 0.05 deg from 10 to 65 deg on the 2ϑ scale. The counting time was 20 seconds per step and the irradiated area of the sample was 15×15 mm 2 . Due to the asymmetric geometry of the experiment with a fixed incident X-ray beam, the lattice planes, for which the Bragg condition is fulfilled, are not parallel to the sample surface, but they are declined to the sample surface about ϑω degrees. The initial processing of the XRD patterns that includes background determination and subtraction was done using the X'pert HighScore plus software. We used a procedure utilizing the integral breadth of a diffraction line for determining the average size of the ordered domains and micro-strains. This procedure is based on a Voigt function applied to the breadths of the diffraction line as proposed by Langford [20,21]. Eq. ( 1) defines the integral breadth, β, and includes two parameters namely the height, 0 I , and the integrated intensity, int I , of the diffraction line.

0 int I I = β (1)
This procedure can only be used for symmetric line profiles. The measured FSP of the pc-Si:H samples was not symmetric and therefore, prior to the line profile analysis, it was fitted using the least squares method with two symmetric Pearson VII functions. The instrumental resolution of the equipment was taken into account in order to obtain the physical component of the broadening of the diffraction line. The reference measurement of the alumina powder from NIST (National Institute for Standards and Technology) was used for this correction. The physical component of the integral breadth of the diffraction line was then de-convoluted into a Cauchy part, f C β , and a Gaussian part f G β , which represent the size of the diffracting domains and the micro-strains, respectively. The average size of the ordered domains and micro-strains were determined using Eqs. 2 and 3, respectively [22,23]:

( ) cos f C D λ β θ = , ( 2 
)
where <D> is the average domain size in the direction perpendicular to the diffracting lattice planes, λ is the x-ray wavelength and θ is the Bragg's angle.

( )

θ β ε tan 4 f G = , ( 3 
)
where <ε> is the average micro-strain in the diffracting volume.

Cross sectional specimens for TEM were prepared by gluing a protective glass on top of the deposited layers, cutting slices from the stack, and subsequent ion milling to electron transparency. Bright field images and selected area diffraction patterns were taken with a CM30T and CM30UT-FEG Philips TEM operating at 300 kV.

UV-Vis spectra have been taken by a Specord 210 spectrophotometer. Reflectance measurements at nearly normal incidence were carried out with an aluminum sample as a reference, and were used to calculate the film band gap.

Raman spectroscopy measurements were taken using a Renishaw inVia type spectrometer. A laser wavelength of 514 nm was used. Due to the absorption in the a-Si:H this means that approximately 50 nm of the top of the films is probed. The Raman spectra were fitted with Gaussian distribution positioned at the LA (longitudinal acoustic, centred around 330 cm -1 ), LO (longitudinal optic, 440 cm -1 ) and TO (transverse optic, 480 cm -1 ) peaks.

Fourier transform infrared spectroscopy (FTIR) was carried out in transmission mode using a Thermo electron Nicolet 5700 spectrometer. The IR transmission spectrum was corrected for the substrate absorption, measured prior to the film deposition. The hydrogen content of the films was determined by integrating the absorption peak located between 630 cm -1 to 640 cm -1 . The microstructure parameter R * was determined by integrating and comparing the 2000 cm -1 and 2100 cm -1 absorption peaks, which are assigned to the low stretching mode (LSM) of isolated Si-H bonds and the high stretching mode (HSM) of Si-H bonds at internal surfaces such as voids, dihydride, and trihydride bonds, respectively.

The solar cells were degraded with halogen lamps using a power density of 100mW/cm 2 while they were kept at a constant temperature of 50 ºC. The solar cells were characterized by IV measurements under standard AM 1.5 illumination conditions.

Results and discussion

Structural phase transition

Figure 1 shows TEM images of 1 µm thick films that have been deposited under different hydrogen dilutions on glass [24]. It clearly demonstrates that the growth of silicon films in the protocrystalline growth regime is inhomogeneous for larger dilution ratios (R > 20), for which the transition from amorphous to microcrystalline phase can be observed. It confirms the findings from real time spectroscopic ellipsometry measurements [25] that the thickness at which the phase transition occurs depends on the hydrogen dilution and that the transition becomes more abrupt with increasing hydrogen dilution. The transition between different phases of film silicon has recently been explained using the cone kinetics model, based on the different growth rates of the microcrystalline and amorphous phases [26]. Figure 1 demonstrates that in order to properly analyze the dependence of the properties of protocrystalline silicon on R, the deposition conditions have to be chosen very carefully. The deposition conditions need to be such that they allow the growth of amorphous films with sufficient thickness over a wide range of R without crossing the phase transition. Using Raman spectroscopy we verified that the deposition conditions described in section 2 have resulted in 300 nm thick amorphous films for the full range of dilution ratios (up to R = 40). (The films shown in Figure 1 were deposited using different conditions [24], and are shown here only to illustrate the effect of R on the phase transition.)

Analysis of structural properties with XRD

In this subsection the XRD analysis of the series of pc-Si:H films is presented. Figure 2 shows an example of a measured XRD pattern for the amorphous Si:H film deposited at R = 20. The sharp peaks on the black line belong to the Laue diffraction from the c-Si substrate created by the continuous X-ray radiation, which was not fully attenuated by the beta filter. Figure 3 shows the FSP, corrected for the background, of the film deposited at R = 20 and the fit of the data with two Pearson VII functions. It was found that the FSP peak of all films of the dilution series could be fitted with a large area peak centered around 27.5 degrees and a smaller peak centered around 32.5 degrees. In Figure 3 the XRD patterns for crystalline silicon (Si) and crystalline silicon hydride (Si 4 H) standards are included. These XRD standards were constructed from the ICDD PDF 2 data file (ICDD -International Centre for Diffraction Data, PDF -powder diffraction file). Comparing these standards to the measured XRD patterns we find a striking match between the position of the two Pearson VII functions and the silicon hydride lines, while the silicon (111) line clearly does not correspond to the center position at Given the controversy regarding the origin of the a-Si:H FSP [27], this result provides an interesting new interpretation of the ordered domains in the amorphous matrix. A good agreement between the position of the peaks of the measured lines and the standard XRD patterns of the silicon hydride gives evidence that the diffracting signal comes mainly from the ordered domains of a tetragonal silicon-hydride [28] and not from ordered domains of silicon.

For comparison, the FSP peak of the XRD pattern measured on a Si:H film containing the mixed amorphous/microcrystalline phases is shown in Figure 4. This film was deposited on a glass substrate at R = 40. The use of a different substrate has resulted in a different microstructure of the film. The Raman spectrum confirmed the presence of a crystalline fraction in the film. The fit of the FSP contains contributions from both the silicon hydride (001) line and silicon (111) line. The contribution from the silicon hydride (110) line is suppressed by the signal from the glass substrate. The contribution from silicon crystallites to the XRD pattern was reported for Si:H films having a mixed amorphous/microcrystalline phases [27].

For all films, the 2ϑ positions of the strongest peak in our XRD patterns, corresponding to the silicon hydride (001) line in Figure 3, are between 27.49 and 27.59 deg. These positions result in inter-planar spacings of 0.3245 to 0.3233 nm. For the tetragonal silicon hydride lattice the reference values of the 2ϑ peak position and inter-planar spacing of the (001) line are 27.53 deg and 0.3238 nm, respectively [28]. The results from our measurements match well with the reference values of the (001) line of silicon hydride lattice. The lattice spacings represent distances between the lattice planes occupied mostly by silicon atoms. Hydrogen atoms, when they are incorporated in the lattice structure (for example as hydrides), can influence the lattice parameters of the structure and cause the observed deviations.

The dominant peak at 27.5 degrees was used for the further analysis of the structural properties. Figure 5 shows the FWHM values of this peak as a function of the hydrogen dilution. The figure demonstrates that the FWHM decreases with increasing R from 0 to 20, and remains nearly constant when R is further increased from R = 20 to R = 40. This confirms previous reports about the narrowing of the FSP [START_REF] Guha | [END_REF], but shows for the first time that this effect saturates for a certain value of R. The resulting values for the domain size and microstrains are presented in Table 1. The domain size increases slightly with R, and the microstrain is nearly independent of R. The values around 0.09 for the micro-strain are high which points out that that the structure is locally strongly disordered and the majority of the investigated specimen volume is strained. Information about the dimensions of coherently diffracting domains (crystallites) is only a rough estimation and can vary from sample to sample depending on the initial interfacial conditions during the film deposition.

HRTEM analysis

Figure 6 shows the HRTEM recording of the pc-Si:H film prepared at R = 40. The images do not show clear and closed crystalline formations as is the case of polymorphous silicon films [11]. However, the atomic structure has definitely some degree of ordering represented by many small areas in the order of less than 3 nm of atoms forming parallel planes. Analyzing the ordered region indicated in Figure 6 by the lattice imaging method the inter-planar spacings are determined to be 3.4±0.1 nm. This matches well with the (001) orientation of the silicon hydride lattice. 

Raman, infrared absorption and optical spectroscopy

The Raman spectra revealed a clear trend in the TO peak position with increasing hydrogen dilution during the deposition of films. Figure 7 demonstrates that with the increasing R the peak shifts from 483 cm -1 to 486 cm -1 . A similar observation is reported by Tsu et. al., who attributed this shift to the presence of regions with increased structural order [29]. However, the position of the TO peak does not change significantly for the films deposited at R>20. This result is in agreement with the trend of narrowing and saturation of the HWFM the FSP of the XRD patterns and suggests that when the ordering of film structure achieves an optimal state, increased hydrogen dilution during the growth does not improve it, but results in accelerated phase transition. The FWHM width of the TO peak does not change significantly with hydrogen dilution and has a value of approximately 59 cm -1 for all films.

The hydrogen content increased from 8 at.% to more then 16 at.% in films deposited at R=5 and R=40, respectively. The trend of increasing hydrogen content in the pc-Si:H films prepared at higher R has been observed also by other groups [16]. The position of 630 cm -1 peak was used to evaluate bonding of hydrogen to crystalline silicon grains in the films [18]. Figure 7 shows that there is no obvious trend in the peak position in films deposited at different R; the peak position lies between 633 cm -1 and 637 cm -1 . In correspondence to our findings from the XRD and HRTEM, the analysis of the peak position does not reveal the presence of silicon crystallites in pc-Si:H films as the shift of the peak towards 620 cm -1 is not observed [18]. Figure 8 shows an example of the Si-H stretching mode absorption peaks in the range of 2000 -2200 cm -1 for the pc-Si:H film deposited at R = 20. The figure demonstrates that the absorption in the film is predominantly by the LSM at 2000 cm -1 resulting in a low microstructure parameter R * . The microstructure parameter for all films is presented in Table 1. R * increases with increasing hydrogen dilution from less than 1% for the film deposited at R = 5 to almost 4% and for R = 40. The R * is widely used to characterize the microstructure in the a-Si:H network and the very low value of R * for diluted films indicates a dense network.

The photon energy at which the absorption coefficient of films is equal to 10 4 cm -1 (E 04 ) was used as a measure for the optical band gap of the films. The band gap of the films is presented in Table 1. With the increasing R the band gap increases from 1.87 eV (R = 5) to 2.09 eV (R = 40). The increasing bandgap is a result of the improved structural order and the increasing hydrogen concentration in the films [30].

Degradation of solar cell with pc-Si:H absorber layers

The a-Si:H films prepared from hydrogen diluted silane were implemented as absorber layers in p-i-n solar cells. The absorber layers were deposited at equal deposition conditions as the individual films using hydrogen dilutions R = 0, 10, 20, 30, 40. The solar cells were subjected to a degradation experiment. Figure 9 shows the evolution of the efficiency of the solar cells with exposure time. Figure 10 shows the change in the fill factor. In both figures the parameters are normalized to their initial values before degradation. The degradation experiment confirms that the cells with absorber layers deposited using hydrogen dilution are more stable to the light exposure. A clear reduction of the degradation is observed when the dilution ratio is already increased from R = 0 to R = 10 and the degradation is further suppressed when R is increased to 20. However, solar cells with the absorber layers prepared The similar degradation behavior of solar cells with the absorber layers deposited at R ≥ 20 indicates that there is a correlation with structural properties observed for the individual films. The saturation of the FWHM value of the FSP and stabilization of the TO peak in the Raman spectra for pc-Si:H films prepared at R ≥ 20 is a strong indication that the structural order has achieved an optimal state in these films. The presence of small ordered domains of silicon hydride contributes to the observed medium range order in the films. The increased hydrogen dilution does not improve the ordering but accelerates the amorphous/ microcrystalline phase transition. The improved structural order contributes to suppressing the light induced degradation by decreasing the amount of weak Si-Si bonds which are removed by hydrogen etching of the growing surface [31]. However, the improved structural order in amorphous films still does not prevent the occurrence of the degradation. The mechanisms that initiate the degradation have to be further investigated in order to fully prevent it. Dilution of the silane source gas with hydrogen during the PECVD deposition of silicon films results in interesting modifications of the structural properties of the films in reference to undiluted ones. The most pronounced effect is the transition from amorphous to the microcrystalline phase, which, depending on the amount of hydrogen dilution, occurs at a certain threshold thickness. The presented TEM images visualize the inhomogeneous growth and the phase transition and they are in agreement with phase diagrams that were obtained from real-time in situ ellipsometry.

Although the phase transition is the most evident effect of the hydrogen dilution, more subtle changes do also occur in the amorphous silicon that is grown below the threshold thickness before the phase transition. The XRD analysis of the amorphous films revealed the narrowing of the FSP of the XRD patterns with increasing hydrogen dilution. For the first time it is demonstrated that this effect saturates and an increase of the hydrogen dilution above a certain value does not result in a further narrowing of the FSP. However, the most important result from the XRD analysis of the hydrogen diluted amorphous silicon films is the presence of ordered domains of tetragonal silicon hydride in the films. The XRD pattern is obtained from diffracting domains of tetragonal silicon hydride and not from cubic silicon. This conclusion is also confirmed from the lattice imaging method applied to HRTEM images of the films.

The shift and stabilization of the TO peak in the Raman spectra of the films towards a higher wavenumber with increasing hydrogen dilution confirms an increased structural order. The low microstructure parameter (R * < 4%) determined from the analysis of the IR absorption spectra is an indication for structurally dense films.

To test the improved stability of the hydrogen diluted a-Si:H films against light exposure solar cells were fabricated in which the films were implemented as the absorber layer. A degradation experiment demonstrated the improved stability of the cells with absorber layers prepared at higher hydrogen dilution. However, the degradation of solar cells with the absorber layers prepared at R > 20 is not reduced by increasing R. This result indicates that there is a strong link between the medium range order, represented by the saturation of the narrowing of the FSP width of the XRD pattern in the films prepared at R > 20, and the degradation behavior of the solar cells. . 
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  could be similar to the HWCVD material deposited at elevated temperatures.

  20 exhibit similar degradation behavior as the cell with the absorber layer prepared at R = 20. The efficiency of the solar cells with the absorber layers prepared at R ≥ 20 stabilizes around 88% of their initial efficiency.

Figure 1 :

 1 Figure 1: Bright field TEM images of a series of 1 um thick films deposited at increasing hydrogen dilution ratios from R=0 to 40.

Figure 2 :

 2 Figure 2: Raw XRD patterns measured on a 300 nm thick film deposited with R=20 on a c-Si substrate.

Figure 3 :

 3 Figure 3: XRD patterns of the FSP after background correction. The peak is fitted with two Pearson VII profiles. Also shown are the XRD lines for crystalline Si and Si 4 H.

Figure 4 :

 4 Figure 4: XRD patterns of the FSP after background correction for Si:H film deposited with R = 40 on a glass substrate. Also shown are the XRD lines for crystalline Si and Si 4 H.

Figure 5 :

 5 Figure 5: FWHM values of the FSP as a function of R.

Figure 6 :

 6 Figure 6: HRTEM image of a-Si:H film deposited at R = 40.

Figure 7 :

 7 Figure 7: Position of the Raman TO peak and the FTIR 630 cm -1 peak as a function of R.

Figure 8 :

 8 Figure 8: The Si-H stretching mode absorption in the film deposited at R = 20 and the fits around.

Figure 9 :

 9 Figure 9: Degradation of the efficiency of solar cells in which the absorber layers have been grown at different R. The data is normalized to the initial efficiency.

Figure 10 :

 10 Figure 10: Degradation of the fill factor of solar cells in which the absorber layers have been grown at different R. The data is normalized to the initial fill factor.
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Table 1 :

 1 Properties of the deposited films deposited at different values of hydrogen dilution R. Deposition rate r d , bandgap E 04 , hydrogen content C H , microstructure parameter R*, the FHWM value of the XRD first scattering peak, domain size D and micro-strain ε.
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