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Abstract

We investigated inverted Al-induced crystallization (AIC) technique of

amorphous Si films (thickness: 50-100 nm) for the formation of polycrystalline Si films

on Al coated glass substrates at low-temperature (< 500 °C). A SiO; interlayer was

inserted_in between Al and Si layers in order to control the Al-Si diffusion rate. As a

result, the crystal orientation of the AIC-Si layer strongly depend on the thickness of the

SiO2 interlayer: thin (1 nm) interlayer provided (100) orientation while thick (10 nm)

interlayer_provided (111) orientation. Meanwhile, the thicker the SiO- interlayer, the

larger the grain size of the AIC-Si layer. In particular, for a sample with 10-nm-thick

SiOy interlayer, the (111) orientation fraction reached 99% and the average grain size

over 50-um diameters. This AIC-Si layer holds promise as epitaxial templates for

light-absorption layers of thin-film solar cells, as well as for functional silicide

materials.

Keywords: Al.Crystal orientation; A2.Solid phase crystallization; B1.Polycrystalline

films;
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1. Introduction

The preparation techniques of high-quality polycrystalline Si (poly-Si) films on

insulators are essential for thin-film transistor (TFT) and highly-efficient thin-film solar

cells. For fabricating poly-Si films on inexpensive glass substrates (softening

temperature: 550 °C), many low-temperature crystallization techniques have been

developed [1-3]. Among them,_the study of Al-induced crystallization (AIC) technique

is recently accelerated, which enables large-grained (diameters: 10-100 um) poly-Si

films at relatively low temperatures (420-550 °C) [4-24]. Moreover, the crystal

orientations of the poly-Si films can be controlled to either (111) or (100) plane by

modulating the Al/Si thickness, the annealing temperatures, and the interlayer thickness

between Al and Si layer [10-18].

For practical solar-cell application, a conducting layer, which works as a

bottom electrode, is required in between the poly-Si film and the glass substrate [25].

Lee et al. achieved preferentially (100)-oriented Si layers on conducting layer

(Al-doped ZnO) coated glass substrates using the AIC technique [26]. (111)-oriented

poly-Si on a conducting layer is desirable as epitaxial templates for advanced-functional

silicide materials [27-29]. To achieve this, an inverted-AlC technique has been studied

[30-32]. In this technique, the initial structure is Al/lamorphous-Si (a-Si)/substrate which
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in contrast to the conventional AIC structure: a-Si/Al/substrate. After annealing, an Al

conducting layer was formed under the poly-Si film through the layer exchange process.

Previously we found that the crystal orientation of the poly-Si layer, formed by the

inverted AIC, strongly depends on the AIl/Si thickness [33]. The sample with the

50-nm-thick Si and Al layers provided highly (111)-oriented Si layer with the average

grain diameter of 20 um. However, the Al/Si interlayer formation process was not

optimized, which is one of the important parameters for the AIC [11-18]. Hence, there is

the possibility to improve the crystal quality of the inverted-AlIC-Si layer. In this paper,

we focused on the SiO. interlayer formation process between Al and Si layers in the

inverted-AIC. As a result, we accomplished the enhancement of the average grain size

over 50-um diameters.

2. Experimental

Amorphous Si films (thickness: 50 nm and 100 nm) were prepared on SiO>

glass substrates. Subsequently, SiO- interlayers (thickness: 1 nm, 2 nm and 10 nm) were

formed on the Si films: 1-nm-thick interlayer was formed by dipping the sample in

APM solutions (NH4OH: H202: H20 = 1: 1: 10) for 30 min at 80 °C; 2-nm-thick and

10-nm-thick SiO- interlayers were prepared by RF magnetron sputtering. After that, Al
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films with the same thickness as the a-Si films were prepared on the SiO2 membranes.

Si and Al depositions were carried out at room temperature by RF magnetron sputtering

with Ar plasma. Finally all samples were annealed in N> ambient at 375 °C for 100 h,

400-425 °C for 50 h, and 450-500 °C for 10 h. The scheme of the sample structure is

shown in Fig. 1. The surface morphology and crystal orientation of the AIC-Si layers

were characterized by Nomarski optical microscopy and electron backscatter diffraction

(EBSD) analysis, respectively.

3. Results and discussion

Fig. 2 shows the growth evolution of AIC-Si observed by Nomarski optical

microscopy. For this sample, the Al and Si thickness (Al/Si thickness) is 100 nm, the

SiO;y interlayer thickness is 1 nm, and_the annealing condition is 450 °C for 10 h. In

these micrographs, the dark area indicates crystallized Si and the bright-color area Al.

These suggest that the Si atoms diffuse to the top surface, grow laterally, and cover the

whole surface of the sample during the annealing. This growth morphology is almost

the same as the conventional AIC process [5-18].

The dependence of the SiO> interlayer thickness on the crystal orientation of

the AIC-Si layers was investigated using EBSD measurements. The results for the
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100-nm-thick sample annealed at 450 °C for 10 h are shown in Fig. 3(a)-(c). These

orientation mappings indicate that the crystal orientation strongly depends on the SiO-

interlayer thickness. The area fractions of (100) and (111) orientations were derived by

EBSD analysis. Fig. 3(d) clearly indicates that the (111) fraction increases with

increasing the SiO> interlayer thickness; in contrast, the (100) fraction decreases with

increasing the SiO> interlayer thickness. This trend is the same with the conventional

AIC [18], and can be explained as follows. The interlayer-thickness dependence of

crystal orientation of AIC-Si is probably attributed to the different growth rates between

Si (100) and (111). When the SiO> interlayer is thick, the diffusion rate of Si atoms into

Al is slow. This results in the dominant (111) orientation, because (111) is a stable plane

[34]. In contrast, when the SiO- interlayer is thin, the diffusion rate of Si atoms into Al

is fast. Because the (111) growth rate is much lower than the (100) growth rate [35],

(111) plane cannot follow the fast diffusion rate. As a result, (100) orientation is

dominant when the SiO> interlayer is thin. Therefore, we found that the thick interlayer

is preferable for (111)-oriented Si layers.

Regarding the Al/Si thickness, we have found that the 50-nm-thick sample

provides higher (111) fraction than the samples with thick (> 100 nm) Al/Si films [33].

Therefore, we prepared 50-nm-thick samples with thick SiO. interlayers. The EBSD
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mappings, along the normal direction (ND) with respect to the substrates, were

summarized in Fig. 4 as a matrix of annealing temperature and the SiO: interlayer

thickness. The AIC-Si layers are preferentially oriented to (111) due to the thin (50 nm)

Al/Si layers except the three blanks in Fig. 4. For the 475 °C (10 h) annealed sample

with a 1-nm-thick interlayer, the interlayer was broken by the high temperature

annealing, which resulted in an Al/Si mixed layer with random-oriented small grains.

Meanwhile, for the sample with a 10-nm-thick interlayer, AIC did not occur at 425 °C

and 450 °C for 10 h because of the thick interlayer, which is a diffusion barrier for Si

and Al atoms. The high temperature annealing (475 °C) facilitated the diffusion, and

enabled the AIC of the sample as shown in Fig. 4(f). In order to evaluate the grain size,

we obtained EBSD orientation mappings along the transverse (in-plane) directions (TD)

with respect to the sample surfaces. The results are shown in Fig. 5, which correspond

to the ND mappings of the same areas shown in Fig. 4. The black solid lines in these

images indicate random grain boundaries, which were drawn by EBSD analysis. For all

samples, the grain sizes are estimated over 10-um diameters. In particular, the grain

sizes in Fig. 5(c) and (f) are larger than those in the other samples.

EBSD analysis derived the area-fraction of (111) orientation and the grain size

from the orientation mappings in Fig. 4 and 5. The results are illustrated in Fig. 6(a) and
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(b), respectively. By definition, the (111) fraction contains planes that are tilted within

15° of the exact (111) plane. The (111) fraction clearly increases with decreasing

annealing temperature, and reaches as high as 99% for all of the samples with 1-nm,

2-nm, and 10-nm-thick SiO> interlayers. Meanwhile, Fig. 6(b) indicates that the grain

size increases with thickening the SiO, interlayer. In general, the grain size is

determined by nucleation rate and lateral growth rate [36]. The nucleation occurs as a

result of a supersaturation of Al with Si diffused from the a-Si layer, after that, Si atoms

migrating in Al adhere to the Si nucleus, which causes the lateral growth [12]. Hence,

the interlayer thickness dependent grain size can be explained as follows. The thicker

SiO- interlayer vields a lower diffusion rate of Si atoms into Al, which results in a lower

nucleation rate. On the other hand, the migration rate of Si atoms in Al is constant with

the SiO interlayer thickness. Considering that, when the Si nucleation rate is low, Si

atoms in Al have much time to migrate and adhere to the Si nucleus before the other

nucleation occurs. Therefore, the thicker interlayer enables a wider margin between the

nucleation rate and lateral growth rate, which resulted in the larger grain size.

On the other hand, Fig. 6(b) also indicates that the grain size increases with

decreasing annealing temperature. Mina et al. indicates that the higher annealing

temperature yields a higher (100) fraction because of the high diffusion rate of Si atoms
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[13]. On the other hand, concerning the grain size, Sarikov et al. theoretically

demonstrated that the higher annealing temperature vields a higher nucleation density

because of the reduction of the Si supersaturation level in Al [12]. Therefore, the crystal

orientation and grain size of AIC-Si are determined by the balance of the interlayer

thickness and annealing temperature. Consequently, the 475 °C annealed sample with

10-nm-thick interlayer provides the largest grain size of 57 um diameters.

4. Conclusion

The inverted Al-induced crystallization (AIC) of a-Si film was investigated

focusing on the SiO; interlayer thickness to obtain a larger grain size than the

conventional inverted AIC-Si. We found that the grain size and crystal orientation of the

inverted AIC-Si layers strongly depended on the SiO» interlayer thickness: The thicker

the interlayer, the larger the grain size and the higher (111) orientation fraction. By

combining the thin Al/Si films (50 nm each) and the thick (10 nm) SiO: interlayer, the

average grain size over 50-um diameters and (111) orientation fraction reached as high

as 99%. Therefore, the effects of the SiO» interlayer on inverted-AlC-Si were clarified,

which enabled more than doubled size of (111)-oriented grains compared to the

conventional technique. This large-grained (111)-oriented poly-Si film on a conducting
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layer holds promise as epitaxial seeds for advanced functional silicide materials.
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Figure captions

Fig. 1. Scheme of the layer exchange growth in the inverted-AIC of a-Si.

Fig. 2. Nomarski optical micrographs of the 100-nm-thick Al/Si sample with 1-nm-thick

SiOy interlayer, annealed at 450 °C for (a) O h, (b) 1 h, and (c) 10 h.

Fig. 3. EBSD (ND) images of the grown 100-nm-thick Al/Si sample with (a) 1 nm, (b) 2

nm, and (c) 10 nm SiO> interlayers. (d) Area fraction of (111) and (100) orientations as a

function of the SiO; interlayer thickness. The inserted color key corresponds to crystal

orientations.

Fig. 4. EBSD (ND) images of the 50-nm-thick Al/Si sample after annealing summarized

as a matrix composed of annealing temperature (425, 450 and 475 °C) and SiO:

interlayer thickness (1, 2 and 10 nm).

Fig. 5. EBSD (TD) images of the 50-nm-thick Al/Si sample after annealing summarized

as a matrix composed of annealing temperature (425, 450 and 475 °C) and SiO:
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interlayer thickness (1, 2 and 10 nm). Each image corresponds to the ND EBSD images

shown in Fig. 4.

Fig. 6. (a) (111) orientation fraction and (b) grain size of the 50-nm-thick Al/Si samples

with SiO; interlayers (1, 2, 10-nm thickness) as a function of annealing temperature.
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	Abstract
	 We investigated inverted Al-induced crystallization (AIC) technique of amorphous Si films (thickness: 50-100 nm) for the formation of polycrystalline Si films on Al coated glass substrates at low-temperature (< 500 ˚C). A SiO2 interlayer was inserted in between Al and Si layers in order to control the Al-Si diffusion rate. As a result, the crystal orientation of the AIC-Si layer strongly depend on the thickness of the SiO2 interlayer: thin (1 nm) interlayer provided (100) orientation while thick (10 nm) interlayer provided (111) orientation. Meanwhile, the thicker the SiO2 interlayer, the larger the grain size of the AIC-Si layer. In particular, for a sample with 10-nm-thick SiO2 interlayer, the (111) orientation fraction reached 99% and the average grain size over 50-m diameters. This AIC-Si layer holds promise as epitaxial templates for light-absorption layers of thin-film solar cells, as well as for functional silicide materials. 
	10BKeywords: A1.Crystal orientation; A2.Solid phase crystallization; B1.Polycrystalline films;
	Keywords: A1.Crystal orientation; A2.Solid phase crystallization; B1.Polycrystalline films;
	1. Introduction
	 The preparation techniques of high-quality polycrystalline Si (poly-Si) films on insulators are essential for thin-film transistor (TFT) and highly-efficient thin-film solar cells. For fabricating poly-Si films on inexpensive glass substrates (softening temperature: 550 ˚C), many low-temperature crystallization techniques have been developed [1-3]. Among them, the study of Al-induced crystallization (AIC) technique is recently accelerated, which enables large-grained (diameters: 10-100 μm) poly-Si films at relatively low temperatures (420-550 ˚C) [4-24]. Moreover, the crystal orientations of the poly-Si films can be controlled to either (111) or (100) plane by modulating the Al/Si thickness, the annealing temperatures, and the interlayer thickness between Al and Si layer [10-18].
	 For practical solar-cell application, a conducting layer, which works as a bottom electrode, is required in between the poly-Si film and the glass substrate [25]. Lee et al. achieved preferentially (100)-oriented Si layers on conducting layer (Al-doped ZnO) coated glass substrates using the AIC technique [26]. (111)-oriented poly-Si on a conducting layer is desirable as epitaxial templates for advanced-functional silicide materials [27-29]. To achieve this, an inverted-AIC technique has been studied [30-32]. In this technique, the initial structure is Al/amorphous-Si (a-Si)/substrate which in contrast to the conventional AIC structure: a-Si/Al/substrate. After annealing, an Al conducting layer was formed under the poly-Si film through the layer exchange process. Previously we found that the crystal orientation of the poly-Si layer, formed by the inverted AIC, strongly depends on the Al/Si thickness [33]. The sample with the 50-nm-thick Si and Al layers provided highly (111)-oriented Si layer with the average grain diameter of 20 m. However, the Al/Si interlayer formation process was not optimized, which is one of the important parameters for the AIC [11-18]. Hence, there is the possibility to improve the crystal quality of the inverted-AIC-Si layer. In this paper, we focused on the SiO2 interlayer formation process between Al and Si layers in the inverted-AIC. As a result, we accomplished the enhancement of the average grain size over 50-m diameters. 
	2. Experimental
	 Amorphous Si films (thickness: 50 nm and 100 nm) were prepared on SiO2 glass substrates. Subsequently, SiO2 interlayers (thickness: 1 nm, 2 nm and 10 nm) were formed on the Si films: 1-nm-thick interlayer was formed by dipping the sample in APM solutions (NH4OH: H2O2: H2O = 1: 1: 10) for 30 min at 80 ˚C; 2-nm-thick and 10-nm-thick SiO2 interlayers were prepared by RF magnetron sputtering. After that, Al films with the same thickness as the a-Si films were prepared on the SiO2 membranes. Si and Al depositions were carried out at room temperature by RF magnetron sputtering with Ar plasma. Finally all samples were annealed in N2 ambient at 375 ˚C for 100 h, 400-425 ˚C for 50 h, and 450-500 ˚C for 10 h. The scheme of the sample structure is shown in Fig. 1. The surface morphology and crystal orientation of the AIC-Si layers were characterized by Nomarski optical microscopy and electron backscatter diffraction (EBSD) analysis, respectively. 
	3. Results and discussion
	Fig. 2 shows the growth evolution of AIC-Si observed by Nomarski optical microscopy. For this sample, the Al and Si thickness (Al/Si thickness) is 100 nm, the SiO2 interlayer thickness is 1 nm, and the annealing condition is 450 ˚C for 10 h. In these micrographs, the dark area indicates crystallized Si and the bright-color area Al. These suggest that the Si atoms diffuse to the top surface, grow laterally, and cover the whole surface of the sample during the annealing. This growth morphology is almost the same as the conventional AIC process [5-18]. 
	The dependence of the SiO2 interlayer thickness on the crystal orientation of the AIC-Si layers was investigated using EBSD measurements. The results for the 100-nm-thick sample annealed at 450 ˚C for 10 h are shown in Fig. 3(a)-(c). These orientation mappings indicate that the crystal orientation strongly depends on the SiO2 interlayer thickness. The area fractions of (100) and (111) orientations were derived by EBSD analysis. Fig. 3(d) clearly indicates that the (111) fraction increases with increasing the SiO2 interlayer thickness; in contrast, the (100) fraction decreases with increasing the SiO2 interlayer thickness. This trend is the same with the conventional AIC [18], and can be explained as follows. The interlayer-thickness dependence of crystal orientation of AIC-Si is probably attributed to the different growth rates between Si (100) and (111). When the SiO2 interlayer is thick, the diffusion rate of Si atoms into Al is slow. This results in the dominant (111) orientation, because (111) is a stable plane [34]. In contrast, when the SiO2 interlayer is thin, the diffusion rate of Si atoms into Al is fast. Because the (111) growth rate is much lower than the (100) growth rate [35], (111) plane cannot follow the fast diffusion rate. As a result, (100) orientation is dominant when the SiO2 interlayer is thin. Therefore, we found that the thick interlayer is preferable for (111)-oriented Si layers. 
	Regarding the Al/Si thickness, we have found that the 50-nm-thick sample provides higher (111) fraction than the samples with thick (≥ 100 nm) Al/Si films [33]. Therefore, we prepared 50-nm-thick samples with thick SiO2 interlayers. The EBSD mappings, along the normal direction (ND) with respect to the substrates, were summarized in Fig. 4 as a matrix of annealing temperature and the SiO2 interlayer thickness. The AIC-Si layers are preferentially oriented to (111) due to the thin (50 nm) Al/Si layers except the three blanks in Fig. 4. For the 475 ˚C (10 h) annealed sample with a 1-nm-thick interlayer, the interlayer was broken by the high temperature annealing, which resulted in an Al/Si mixed layer with random-oriented small grains. Meanwhile, for the sample with a 10-nm-thick interlayer, AIC did not occur at 425 ˚C and 450 ˚C for 10 h because of the thick interlayer, which is a diffusion barrier for Si and Al atoms. The high temperature annealing (475 ˚C) facilitated the diffusion, and enabled the AIC of the sample as shown in Fig. 4(f). In order to evaluate the grain size, we obtained EBSD orientation mappings along the transverse (in-plane) directions (TD) with respect to the sample surfaces. The results are shown in Fig. 5, which correspond to the ND mappings of the same areas shown in Fig. 4. The black solid lines in these images indicate random grain boundaries, which were drawn by EBSD analysis. For all samples, the grain sizes are estimated over 10-m diameters. In particular, the grain sizes in Fig. 5(c) and (f) are larger than those in the other samples.
	EBSD analysis derived the area-fraction of (111) orientation and the grain size from the orientation mappings in Fig. 4 and 5. The results are illustrated in Fig. 6(a) and (b), respectively. By definition, the (111) fraction contains planes that are tilted within 15˚ of the exact (111) plane. The (111) fraction clearly increases with decreasing annealing temperature, and reaches as high as 99% for all of the samples with 1-nm, 2-nm, and 10-nm-thick SiO2 interlayers. Meanwhile, Fig. 6(b) indicates that the grain size increases with thickening the SiO2 interlayer. In general, the grain size is determined by nucleation rate and lateral growth rate [36]. The nucleation occurs as a result of a supersaturation of Al with Si diffused from the a-Si layer, after that, Si atoms migrating in Al adhere to the Si nucleus, which causes the lateral growth [12]. Hence, the interlayer thickness dependent grain size can be explained as follows. The thicker SiO2 interlayer yields a lower diffusion rate of Si atoms into Al, which results in a lower nucleation rate. On the other hand, the migration rate of Si atoms in Al is constant with the SiO2 interlayer thickness. Considering that, when the Si nucleation rate is low, Si atoms in Al have much time to migrate and adhere to the Si nucleus before the other nucleation occurs. Therefore, the thicker interlayer enables a wider margin between the nucleation rate and lateral growth rate, which resulted in the larger grain size. 
	On the other hand, Fig. 6(b) also indicates that the grain size increases with decreasing annealing temperature. Mina et al. indicates that the higher annealing temperature yields a higher (100) fraction because of the high diffusion rate of Si atoms [13]. On the other hand, concerning the grain size, Sarikov et al. theoretically demonstrated that the higher annealing temperature yields a higher nucleation density because of the reduction of the Si supersaturation level in Al [12]. Therefore, the crystal orientation and grain size of AIC-Si are determined by the balance of the interlayer thickness and annealing temperature. Consequently, the 475 ˚C annealed sample with 10-nm-thick interlayer provides the largest grain size of 57 m diameters.
	4. Conclusion
	 The inverted Al-induced crystallization (AIC) of a-Si film was investigated focusing on the SiO2 interlayer thickness to obtain a larger grain size than the conventional inverted AIC-Si. We found that the grain size and crystal orientation of the inverted AIC-Si layers strongly depended on the SiO2 interlayer thickness: The thicker the interlayer, the larger the grain size and the higher (111) orientation fraction. By combining the thin Al/Si films (50 nm each) and the thick (10 nm) SiO2 interlayer, the average grain size over 50-m diameters and (111) orientation fraction reached as high as 99%. Therefore, the effects of the SiO2 interlayer on inverted-AIC-Si were clarified, which enabled more than doubled size of (111)-oriented grains compared to the conventional technique. This large-grained (111)-oriented poly-Si film on a conducting layer holds promise as epitaxial seeds for advanced functional silicide materials.
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