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Growth kinetics and polysilicon formation by aluminium-induced crystallization on glass-ceramic substrates

In this work, we present extended structural properties of poly-Si thin films fabricated by aluminium-induced crystallization (AIC) of amorphous silicon (a-Si) on hightemperature glass-ceramic substrates. The silicon nucleation kinetics on glass-ceramic substrates was investigated by optical microscopy. The crystalline quality of the films was studied by micro-Raman spectroscopy as a function of exchange annealing conditions. By means of electron backscattering diffraction (EBSD), we have analyzed the effect of thermal annealing on silicon grain size and its distribution, intra-and inter-grains defects, and on the grains preferential crystallographic orientation. The optimal thermal annealing condition, allowing 100% crystallized polysilicon large grains with an average grain size of 26 µm and 100 oriented, acquired a thermal budget of 475°C and 8 h.

Introduction

Polycrystalline silicon (poly-Si) thin-film solar cell employing crystalline silicon as active material is a promising candidate for low-cost production. The thickness of poly-Si film is generally lower than 30 µm, typically between 2 and 10 µm. However, the crystalline quality (such as grain size, grains orientation) and crystallization temperature strongly depend on the growth method. Direct silicon deposition of thick films using high-temperature chemical vapor deposition (CVD) results in small grains (<5 µm) and larger grain size distribution. As an alternative, there is the approach in forming first a seed layer which can be thickened by epitaxy. The efficiency can reach reasonable values by increasing the grain size [1]. Moreover, the grain size should be larger than the film thickness in order to reduce the influence of grain boundary recombination. There are different methods to form the silicon seed layer on foreign substrates by crystallizing amorphous silicon (a-Si). Let us mention the solid-phase crystallization (SPC) [2], the excimer laser crystallization (ELC) [START_REF] Köhler | Laser crystallization of Si and Si-Ge films[END_REF], and the metal-induced crystallization (MIC) [START_REF] Lee | [END_REF]. In SPC process the crystallization temperature is moderate (∼600 • C), but the time required for full crystallization is too long, while ELC process has the drawback of being a complex and expensive technique in despite of being a very fast technique. On the other hand, metalinduced crystallization is a promising technology to shorten the annealing time and lower the process temperature. Several contact metals including Au, Ag, Cu, Al can dramatically reduce the crystallization temperatures that are less than the eutectic temperature of silicon-metal system [5]. However, Al is preferred in order to prevent the problem of metal contamination into crystallized silicon. This is commonly called the aluminum-induced crystallization or AIC.

The formation of poly-Si seed layers by aluminiuminduced crystallization (AIC) has already been reported on various foreign substrates such as glass [6], alumina [START_REF] Slaoui | Proc. 17th EU-PVSEC[END_REF], thermal silicon dioxide [START_REF] Wang | Proc. 2nd WCPEC[END_REF], mullite, and graphite [START_REF] Bourdais | [END_REF]. In particular, AIC of a-Si on conventional glass substrate (borosilicate, Corning1737 and Corning7059) was reported in many works [10][11][12]. Although commercially available glass can be an ideal substrate, its use at temperatures below its softening point (≤600°C) gives rise to restriction problems. In contrast, high-temperature glass can offer more flexibility such as compatibility with high-temperature processes (dopants diffusion, epitaxy, etc.). Recently, Corning Inc. has developed a glass-ceramic that can sustain temperature as high as 1050°C [13]. Furthermore, these glass-ceramic substrates have thermal expansion coefficient of 37.4 × 10 -7 /°C at 300°C that is very close to the thermal expansion coefficient of Si (37.8 × 10 -7 /°C at 300°C) [13]. Additionally, the optical transparency of such glass-ceramic is important for superstrate cell configuration, where the glass substrate is not only used as a supporting structure but also as a window for the illumination and as part of the encapsulation. Another strong advantage of the glass-ceramics is their smoothness, which makes them compatible with their layer deposition.

Several works have reported on growth kinetics of Si grains with temperature on foreign substrates [14,[START_REF] Klein | Proc. 19th EU-PVSEC[END_REF]b y layer exchange process but none yet on glass-ceramic substrate. The purpose of this work is to study the formation of poly-Si thin films, formation on glass ceramic substrates (provided by Corning Inc.) by AIC for seed layer, with respect to surface morphology, and crystallographic and optical properties. The roughness and the morphology of the bare and SiN x -coated glass-ceramic were checked by white light scanning interference microscopy system. Structural analyses were carried out by electron backscattering diffraction (EBSD) and optical microscope (OM) to monitor the surface morphology of the AIC layer. The crystallinity of the poly-Si layers was studied by the micro-Raman Spectroscopy.

Experiments

Transparent glass-ceramics (GC) from Corning Inc. were used as substrates. Prior to any deposition, the glass-ceramic substrates were chemically cleaned, followed by a dipping in a 2.5% HF solution, and rinsed with DI water. The cleaned substrates were then coated with a ∼85-nm-thick silicon nitride (SiN x ) sublayer deposited in a combined RF-ECR plasma system (Roth-Rau). The SiN x film acts as a diffusion barrier for potential contaminations (O, B, Na, K, Al, Fe, etc.) from the glass into the silicon film and can serve as an antireflection layer in a superstrate configuration, in addition to providing a surface passivating effect [START_REF] Goldschmidt | Proc. 3rd WCPEC[END_REF]. After the SiN x deposition on glass-ceramic substrates, a 200-nm-thick Al layer was e-beam evaporated and then exposed to air for one week before depositing the hydrogenated amorphous silicon. The exposure of the Al-coated SiN x /GC samples to ambient air for one week was done to form an aluminium oxide layer (AlO x ) which behaves as a membrane during the AIC exchange process [11]. The hydrogenated a-Si film, 370-nm thick, was finally deposited on the Al/SiN x /GC samples in a PE-CVD system using SiH 4 and Ar as precursor gases. The Al/Si bilayer structure was then isothermally annealed in a tube furnace under nitrogen flow to perform the transformation into a polysilicon film. The annealing temperatures of 450-500°C are chosen below the eutectic temperature of the Al/Si system (T eu = 577°C). The annealing durations were changed depending on the annealing temperatures. Thus, 10 hours, 8 hours, and 6 hours were used as annealing times for 450°, 475°, and 500°C, respectively. After the AIC process, the resulting fully crystallized, continuous, poly-Si seed layer is covered by a residual Al+Si layer. This residual layer was removed by two different ways depending on the subsequent processes: either mechanical polishing with colloidal silica to prepare the samples for EBSD measurements or wet chemical etching for the preparation of the seed layers for epitaxial thickening. The residual Al layer was removed by selective wet chemical etching using aH 3 PO 4 /H 2 O/CH 3 COOH/HNO 3 solution at 40°C with a 16:2:1:1 ratio, while Si islands were etched by nonselective HNO 3 /HF/H 2 O solution with a ratio of 72.5:1.5:28. The resulting poly-Si seed layers are p + -type (∼0.06 cm) due to Al doping during the AIC process.

The roughness and the morphology of the bare and SiN xcoated glass-ceramic were determined by a white light scanning interference microscopy system. Transmittance spectra of the poly-Si thin films were obtained using a Perkin Elmer Lambda 19 UV/VIS/NIR spectrometer in 250-1200-nm wavelength range. Surface morphology analyses of poly-Si layers were carried out by optical microscopy, namely a Leica DM-LM equipped with a 100-W halogen illumination and a Canon S40 video camera mounted on the auxiliary port. It is interfaced to a computer for data storage and data processing. The Raman spectra were obtained on a Renishaw RAMASCOPE 2000 micro-Raman spectrometer with the 488-nm excitation wavelength of an Ar + laser. The resolution of used micro-Raman system is 1 cm -1 . EBSD measurements were used to determine the structural analysis in terms of grain size, grain size distribution, defects, and orientation map of the poly-Si layers on glassceramic substrates. During EBSD measurements, the samples were tilted to 70°. The accuracy of the orientation determined from the Kikuchi patterns is about 0.5°. The size of the orientation imaging map is 500 × 450 µm 2 . The orientation map was measured with a mapping step of 0.5 µm.

Results and discussion

Properties of glass-ceramic substrates

Roughness analysis

We have first investigated the effect of SiN x deposition on the surface roughness of the glass-ceramic (GC) substrates using the white light scanning interference microscopy that allows rapid noncontact and therefore nondestructive 3D measurements. Figure 1 shows 79 × 119-µm 2 sized images of bare and SiN x -coated glass-ceramic surfaces. Smoothing effect upon SiN x deposition on glass substrate is clearly observed. It is found that the peak to valley roughness for the bare GC substrate is 18.9 nm, while SiN x -coated GC has a 8.2-nm surface roughness. The main function of SiN x deposition is to form an antireflection coating (ARC) for superstrate configurations. Thus, in our case the SiN x coating provides an additional important effect which is the surface smoothing. Less nucleation sites are then offered, resulting in much less competing grown grains [START_REF] Pihan | [END_REF]18]. We might expect larger grains size after AIC on SiN x -coated GC samples compared to none coated once.

Transmittance measurement

For superstrate configuration, the transparency of the glass is very important after being submitted to different thermal processes, such as SiN x deposition, AIC process, and hightemperature deposition. As a first test, we have carried out optical transmission measurements on bare glass-ceramic substrates before and after annealing. Typical transmission spectra can be observed in Fig. 2. Transmission through the annealed glass-ceramic substrate at various temperatures exhibits the same T% value. The glass-ceramic substrates show a high transmittance at about 90%, in the wavelength range of 400-1200 nm even after high temperature (500 and 1000°C) annealing. This is very relevant for the superstrate solar cell applications which have several advantages such as no requirement of surface cover glass for encapsulation and interconnection between unit cells in the manufacturing of modules. Thus, the used glass-ceramic substrates kept their transparency even after coating with SiN x layer and subsequent high-temperature annealing. 3.2 Crystallization of amorphous silicon on glass-ceramic substrate

The layers exchange process

The crystallization process of Al/a-Si system deposited on glass-ceramic substrate is studied for layers exchange process and kinetics of grain growth under various annealing conditions. Mainly the crystallization includes two steps that are: (i) nucleation of crystallites in the a-Si and (ii) crystallization of adjacent a-Si around initial nuclei up to touch each other [START_REF] Kamins | Polycrystalline Silicon for Integrated Circuits and Displays[END_REF]. However the final structure also depends on the annealing conditions. In order to study the growth kinetics of the Si grains on glass-ceramic substrate, Al/Si system was annealed at 450, 475, and 500°C for different times ranging from 5 to 350 min. The samples were analyzed after removing the top Al+Si layer formed on the poly-Si AIC film using mechanical polishing technique. The experimental description of the crystallization and growth kinetics can be described through the analysis of the grains surface coverage and the density of the grains deduced from the optical microscope images. Figure 3 shows the optical micrographs of poly-Si films after annealing at 450°C/1 h, 475°C/30 min, and 500°C/10 min to compare the different nucleation rate.

The black regions refer to the crystal silicon, while white regions are representing the remaining aluminium. The shape with the annealing temperature on glass-ceramic is shown in Fig. 4. The substrate temperature strongly influences the nucleation kinetics; the increase of F c is very fast at high temperatures, while it is smoother at lower temperatures. The observed behavior at high temperatures can be correlated to the lower incubation time that is the characteristic time until the appearance of the first crystalline nuclei. As shown in Figs. 3 and4, the lower annealing temperature slowed down the crystallization process. About ∼82% of the film was crystallized after 10-min annealing for 500°C, while it needs 30 min at 475°C to reach the same crystallized fraction. Only 62% of film could be crystallized after annealing at 450 °C for 1 h. These results show the dramatic decrease of nucleation rate by reducing the exchange annealing temperature from 500 to 450°C. Additionally, the kinetics of the nucleation can differ with regards to the used substrate. Indeed, the crystallization profile of a-Si by the AIC method showed a different behavior when using alumina ceramic substrates [14]. Thus the crystallized fraction for all annealing temperatures reaches 100% in a shorter time for alumina compared to the glass-ceramic. This can be explained by the thermal activation energy parameter. An activation energy (E a ) of 1.7 ± 0.1e Vf o rF c = 80% is calculated for glassceramic over 450-500°C to be compared to 1.44 ± 0.03 eV for alumina [14]. In literature, the reported activation energy is ranging between 1.3 eV [START_REF] Nast | The aluminium-induced exchange forming polycrystalline silicon on glass for thin-film solar cells[END_REF] and 1.8 eV [START_REF] Gall | [END_REF] depending on the a-Si/Al interface that controls the diffusion during the exchange process. Our activation energy value of 1.7 eV is fitting in this range. Furthermore, the high activation energy can affect the nucleation kinetics by reducing the nucleation rate. Figure 5 plots the nucleus density as a function of annealing time for different temperatures. It can be noticed that the nucleus density on glass-ceramic substrate decreases at lower temperatures, whereas the nuclei size increases.

Raman analysis

Raman spectroscopy was used to evaluate the crystalline quality of the continuous silicon layers formed after complete exchange. Figure 6 compares the Raman spectra of poly-Si seed layers grown on glass-ceramic substrate at different exchange annealing temperatures. The spectra were normalized with respect to the LO/TO line of crystalline silicon at 520.1 cm -1 . It can be seen from Fig. 6 that very sharp and symmetrical peaks at 520 cm -1 being very similar to the Raman pattern of crystalline silicon (sc-Si) have been observed for all annealing cases, which definitely indicate the full crystallization. Furthermore, the Raman peak at 480 cm -1 which is the signature of a-Si is not observed, which also explains the high-rate crystallization of our poly-Si thin films after the exchange annealing conditions. Furthermore, the peak positions being close to that of the sc-Si (520.1 cm -1 ) confirm that the films are under negligible stress. Additionally, the full width at half-maximum (FWHM) value of Raman peak, which describes the crystallization quality for poly-Si films, depends on the exchange annealing temperature as shown in Fig. 6. The FWHM value for 475°C/8 h annealed sample is 5.9 cm -1 that proves again the complete crystallization for the poly-Si seed layer comparable to that of sc-Si. However, the FWHM value of 6.4 cm -1 and 7.0 cm -1 are obtained for 500°C/6 h and 450°C/10 h samples, respectively. These results show that crystalline quality of silicon on glass-ceramic substrate after annealing at 475°C for 8 h is higher compared to those after 500°C/6 h and 450°C/10 h annealing.

Electron backscattering diffraction (EBSD) analysis

The electrical characteristics of the polysilicon films strongly depend on the polysilicon microstructure, namely inter-and intra-grain defects and grains orientation. Electron backscattering diffraction (EBSD) is a microstructuralcrystallographic tool used to elucidate the crystallographic texture, preferred orientation, and defects of poly-Si materials. EBSD analysis was performed on poly-Si films formed by AIC technique on glass-ceramic as described above. We have analyzed poly-Si seed layers on GC substrate prepared at 500°C/6 h and 475°C/8 h in a conventional furnace. In order to obtain a flat surface, the standard polishing procedure for surface preparation was performed prior to EBSD analysis.

The typical surface normal direction orientation maps for these poly-Si seed layers obtained from EBSD technique are shown in Fig. 7(a) and(b). The samples area shown in the figures are 500 × 450 µm 2 , with a mapping step of 0.5 µm. Each color in this orientation map indicates the specific crystallographic direction, and the standard color triangle that shows a prominent three dimensional texture is shown in the inset of each figure. EBSD map can easily supply grain-orientation-related texture by examining the grains whose similar crystal orientations are shown in similar colors. Looking carefully to the mapping revealed a graded color within the grains than means a deviation from the main orientation. To be quantitative, the distribution of analyzed pixels as a function of deviation angle θ is plotted in Fig. 7(c). The deviation is accumulated by segments of 5°compared to the 100 orientation. In this graph, the minimum deviation (5°) means a fully 100 oriented layer, while the maximum deviation of 54.7°corresponds to the 111 orientation. The majority of grains (60-70%) in these poly-Si films has an orientation deviation between 5°and 25°relative to 100 orientation. The occurrence of 100 orientation is higher for 475°C/8 h annealed sample than for 500°C/6 h annealed sample as deduced from EBSD orientation map. The 110 oriented silicon is indicated by deviation angles in the range of 30-45°, while that is in the range on 45-55°for 111 orientated silicon. Both 101 and 111 show lower distribution when compared to 100 orientation. In fact 71% of the total surface was covered by 100 oriented grains for 475°C/8 h annealed sample, while the surface coverage of 101 and 111 oriented grains is only 16% and 13%, respectively. The surface fractions of 100 , 101 , and 111 are 62, 23, and 15%, respectively, when considering 500°C/6 h annealed poly-Si film. The present results say that 100 is the preferential orientation of the grains for both types of samples. No twins are observed for the 100 oriented grains, whereas the other orientations present a large density of twins. This behavior might be attributed to the orientation of the initial nucleus close to the 100 plane [START_REF] Pihan | [END_REF].

The influence of the various annealing conditions on the grain size of our polycrystalline silicon thin films is also studied using the EBSD technique conditioned by two different criteria on grain boundary definition. These criteria consider the exclusion (criterion 1) and inclusion (criterion 2) of the twins. The average grain size for different exchange annealing depending on the criteria is listed in Table 1. When considering criterion 1, it can be noticed that the average grain size (D g ) reaches up to 12 and 26 µm for 500 and 475°C annealing, respectively. The grain size distributions for 475°C/8 h and 500°C/6 h annealed samples are shown in Fig. 8 based on criterion 1. The low annealing temperature results in a much larger grain size. The root mean square deviation (σ) of grain size distribution peaks is 3.6 µm and 5.9 µm for 500°C/6 h and 475°C/8 h samples, respectively. Such a shape of distribution means that the process is diffusion controlled for 500°C/6 h and 475°C/8 h annealed samples, instead of interface controlled [22]. The grain size distribution becomes less homogeneous (σ = 5.9 µm) for 475°C/8 h sample, while the grain size is larger for this. Such a distribution is expected if the nucleation and growth rates are constant [START_REF] Pihan | [END_REF]22]. Let us consider the average grain size under criterion 2. The average grain size is 8 and 16 µm for 500°C/6 h and 475°C/8 h annealing, respectively. Although the reduction of grain size by including the twins is observed, the temperature dependent behavior of grain sizes is the same for criterion 2.

The difference in the average grain size can be attributed to the growth morphology of the crystals that depends on the annealing temperature. A correlation between the exchange annealing temperature and the grain size can be found: the lower is the annealing temperature, the lower is the nucleation rate, and the larger are the grains. The identification of crystallographic defects and their respective density have an important role towards improving the crystalline quality of the films. We have used the EBSD data to identify the inter-and intra-grain defects in the grown AIC polysilicon films on GC substrates. For all samples, low-angle grain boundaries (LAGB) (angle < 2 • ) and coincident site lattice (CSL) boundaries consisting of twin boundaries of first order ( 3), second order ( 9), and third order ( 27) are found in the continuous poly-Si films. More quantitatively, the AIC layers formed at 475°C for 8 h contains about 39% of 3 twin boundaries, lower than that found in the 500°C/6 h annealed sample (47%). The density of twin 9 (∼5%) and 27 (∼2%) boundaries are almost the same for both annealing cases and slightly higher (∼5% for 9 boundary and ∼2% for 27 boundary) when compared with 3 twin boundary. Thus, the larger are the grains, the less defective they are. It is clearly set that the AIC layer on GC formed at 475°C/8 h has optimal structural properties in terms of grains size and defects. 

Summary

In this work, p-type polycrystalline silicon thin films formed on SiN x -coated glass-ceramic substrates by AIC were studied as functions of thermal exchange annealing. Interference microscopy analysis shows that the roughness of the glassceramic surface of 18.9 nm (peak to valley) can be smoothen to 8.2 nm after coating with the SiN x layer that can also serve as a barrier layer and an anti-reflection coating. We have shown that low thermal exchange annealing resulted in low nucleation rate with larger nuclei size in comparison to that at higher-temperature annealing. A 100% crystallinity with full width at half-maximum (FWHM) of 5.9 cm -1 was reached upon annealing at 475°C for 8 h, while the FWHM value was 6.4 cm -1 and 7.0 cm -1 when annealed at 450°C/10 h and 500°C/6 h, respectively. The crystallographic studies carried out through the EBSD analysis enabled us to deduce the grain size and orientation of the formed poly-Si grains and identification of the crystallographic defects. The grain size was found to be strongly dependent on the annealing temperature, while the preferred grains orientation was acquired independently from the thermal annealing. The 475°C/8 h and 500°C/6 h annealed samples have an average grain size (D g ) of 26 and 12 µm, respectively, with excluding the 3 twin boundary effect. This average grain size values decreases from 26 to 16 µm for 475°C/8 h annealed sample and from 12 to 8 µm for 500°C/6 h annealed samples when taking into account the intra-grain defects (twin boundaries). Furthermore, the main defects explored on the AIC poly-Si layers consist basically of twin boundaries of first order ( 3). It presents 39% for 475°C/8 h and 47% for 500°C/6 h samples. Such AIC films on glass-ceramics can be used as seed layers for further silicon growth and formation of thin-film polysilicon solar cells.
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 34 Fig. 3 Optical microscope images of AIC poly-Si layer grown on glass-ceramic substrate after annealing at: (a) 450°C for 1 h; (b) 475°C for 30 min; and (c) 500°C for 10 min
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 56 Fig. 5 Nucleation density of polysilicon films formed at 450, 475 and 500°C on glass-ceramic substrate as a function of annealing time
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 7 Fig. 7 EBSD orientation mappings in the sample normal direction for poly-Si films prepared at: (a) 500°C/6 h, and (b) 475°C/8 h. The inset shows the orientation color key. The deviation angle from 100 fiber
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 8 Fig. 8 Grain size distribution of the poly-Si thin films prepared at 475 and 500°C by considering criteria 1

Table 1

 1 Average grain sizes as a function of annealing temperatures by including and excluding the 3 twin boundary

	Annealing	Average grain size (µm)	
	conditions	including 3	excluding 3
	475°C/8 h	16	26
	500°C/6 h	8	12
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