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We have prepared (111)-oriented Si layers on SiO, (fused silica) substrates from

amorphous-Si(a-Si)/Al or Al/a-Si stacked layers using an aluminum-induced crystallization

(AIC) method. The X-ray diffraction (XRD) intensity from the (111) planes of Si was found

to depend significantly on growth conditions such as the thicknesses of Si and Al, deposition

order (a-Si/Al or Al/a-Si on Si0;,), deposition technique (sputtering or vacuum evaporation)

and exposure time of the Al layer to air before the deposition of Si. The crystal orientation of

the Si layers was confirmed by 0-20, 260 XRD and electron backscatter diffraction (EBSD).

The photoresponse properties of semiconducting BaSi, films formed on the (111)-oriented Si

layers by the AIC method were measured at room temperature. Photocurrents were clearly

observed for photon energies greater than 1.25 eV. The external quantum efficiencies of the

BaSi, were also evaluated.

PACS: 61.05.cp; 61.05.jh; 68.55.ag

Keywords: A3. Molecular beam epitaxy; B1. Barium compounds; B2. Semiconductor silicon

compounds
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1. Introduction

Novel Si-based materials are of great interest for high-efficiency solar cells. At
present, most solar cells produced are bulk silicon based. However, the band gap of Si is only
1.1 eV, which is approximately 0.3 eV smaller than the ideal band gap for solar cells from the
viewpoint of the solar spectrum [1]. In addition, the optical absorption coefficient (o) of Si is
much smaller than that of GaAs and CdTe. Thus, a Si thickness of at least 100 um is required
to form crystalline Si solar cells. For this reason, we have focused on orthorhombic barium
disilicide (BaSi,) as an interesting and useful alternative material to Si. Both experimental and
theoretical studies have revealed that BaSi, has a very large o value of over 10° cm™ at 1.5
eV [2,3]. This value is more than two orders of magnitude larger than that of crystalline Si. In
addition, by replacing half of the Ba atoms with isoelectric Sr atoms, the band gap of BaSi,
was found to reach the ideal value of approximately 1.4 eV, matching the solar spectrum [2,4].
Thus, BaSi; has attracted significant attention for use in solar cells. The purpose of the present
study was to fabricate BaSi; layers on SiO; (fused silica) and to investigate its photoresponse
properties with regard to application to inexpensive solar cells. For this purpose, the
aluminum-induced crystallization (AIC) was employed [5-7]. AIC is a metal induced
crystallization (MIC) [8] technique that enables low-temperature crystallization of amorphous
Si (a-Si) below the eutectic temperature of 577 °C, and leads to large grained poly-Si layers.

Recently, Knaepen et al. have studied the crystallization kinetics of the MIC process in detail
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for 20 different metals [9]. A preferential (111) orientation of the Si layers was reported [10].

This is favorable for the subsequent growth of BaSi, layers, because a-axis-oriented BaSi,

films can be epitaxially grown on Si(111) with a lattice mismatch of approximately 1%

[11-15]. However, the growth of (100)-oriented Si layers has been also reported [16-18].

In this study, the influence of the layer thicknesses of Si and Al, deposition order

(a-Si/Al or Al/a-Si on Si0O,), deposition technique (sputtering or vacuum evaporation) and

exposure time of the Al layer to air before the deposition of Si on the crystalline quality of the

Si layers was investigated. The photoresponse properties of polycrystalline BaSi, films grown

on (111)-oriented poly-Si layers prepared by the AIC method on SiO, substrates were also

studied. There have been no reports on the photoresponse properties of BaSi, until very

recently; these properties are very important when we discuss quantum efficiency in BaSi,. In

a previous paper [19], we reported the external quantum efficiency in 900-nm-thick BaSi,

epitaxial films for the first time.

2. Experimental procedure

First, the influence of the layer thicknesses and deposition order of Al and Si on the

crystallization behavior of AIC-Si layers was investigated. The AIC process was performed as

follows. Al layers were deposited on SiO, by radio-frequency (RF) magnetron sputtering,

followed by breaking of the vacuum to form a native Al oxide layer for 50 h, and the
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subsequent deposition of a-Si layers by RF magnetron sputtering. The thickness of Al was

varied from 50 to 300 nm. The thickness of the Si was almost the same as that of the Al. The

vacuum level was 1.0 Pa and the RF power was 100 W. The deposition rates of Al and Si by

RF magnetron sputtering were approximately 50 and 25 nm/min, respectively. The deposition

order of Al and Si was inverted for sample E. Samples were annealed in a dry N, ambient

atmosphere at 500 °C for 10 h. During annealing, a-Si was transformed to the crystal phase by

exchange between the Al and a-Si layers. The preparation method for samples A-E is

summarized in Table 1. We next investigated the influence of the deposition technique

(sputtering or vacuum evaporation) on the crystalline quality of the AIC-Si layers. First, a 100

nm-thick Al layer was deposited, followed by breaking of the vacuum to form a native Al

oxide layer for 10 min, and the subsequent deposition of a 100-nm-thick a-Si layer. For the

vacuum evaporation of Al, conventional resistive heating using a tungsten filament was

employed, and the deposition rate of Al was approximately 100 nm/min. For the vacuum

evaporation of Si, an electron-beam evaporation was used, and the deposition rate was

approximately 3 nm/min. The samples were annealed in a dry N, ambient atmosphere at

500 °C for 10 h. As described later, the crystalline quality of AIC-Si layers depends on

exposure time of the Al layer to air. The exposure time of 10 min was chosen here just to

shorten the time necessary for this experiment. The preparation method for samples F-J is

summarized in Table 2. BaSi, layers for photoresponse measurements were prepared as
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follows. After the Al layers were etched away, the wafers were dipped in a hydrofluoric acid

to remove native oxide layers of Si, followed by heating at 550 °C for 5 min in ultra high

vacuum. Then, approximately 30-nm-thick Si layers were grown by molecular beam epitaxy

(MBE), and approximately 300-nm-thick undoped BaSi, layers were subsequently grown.

The growth procedure employed for the preparation of the BaSi, layers was almost the same

as that adopted previously [19]. Finally, Al was evaporated on the surface to form

1.5-mm-spacing striped electrodes. The ohmic nature of the contacts was confirmed from the

current-voltage characteristics. The samples were not covered with anti-reflection coatings.

The crystalline quality of the films was characterized by 626 and 26 X-ray

diffraction (XRD) using a Cu Ka source, atomic force microscopy (AFM) and scanning

electron microscopy (SEM). Electron backscatter diffraction (EBSD) was performed in order

to analyze the preferential orientation of the film. The X-ray beam was incident at an angle of

2 ° in the 260 XRD measurement. Both the £-26 and 26 XRD measurements help us

understand what lattice plane in the crystal is parallel to the substrate plane. The photocurrent

in the lateral direction between the electrodes was evaluated at RT by a lock-in technique

using a xenon lamp with a 25-cm focal-length single monochromator (Bunko Keiki,

SM-1700A). The light intensity was calibrated using a pyroelectric sensor (Melles Griot,

13PEMO001/J).
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3. Results and discussion

3.1 Formation of (111)-oriented Si layers on SiO, by AIC

Figure 1 shows the #-26 and 26 XRD patterns of samples A-E. The Al layers were

not etched for these measurements. The (111) peaks of Si were observed in the 6-260 XRD

patterns for samples A-C, but were not found in the 260 XRD patterns. Thus, these results

show that (111)-oriented Si layers were fabricated in samples A-C. The peak intensity of

Si(111) was found to increase with increasing thickness of the Si layers. However, layer

exchange, and hence the crystallization of Si, was not observed for sample D. We believe that

much longer annealing times are required for sample D because of the thicker Si layer. In

sample E, prepared by inverted AIC, the layer exchange occurred and a poly-Si layer was

formed on the top surface and a metallic Al layer was formed between the poly-Si layer and

the SiO, substrate, which can act as a back electrode for solar cells. In addition, a very flat

surface was obtained in this sample. The root-mean-square (RMS) roughness of sample E was

much smaller than that of sample B, prepared by the standard AIC method, as shown in Fig. 2.

However, the peak intensity of the Si(111) plane was much smaller in sample E, at about 100

counts. We believe that whether the crystallization of Si occurs or not is much more important

than the RMS roughness value of the AIC-Si surface, because a flat surface can be produced

later by epitaxial thickening of the AIC layers. Thus, we chose to use the standard AIC

process from here on.
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Next, we investigated the influence of the deposition method on the crystalline

quality. Figure 3 shows the #-20 and 26 XRD patterns of samples F-J, where the Al and Si

layers were deposited by either RF magnetron sputtering or vacuum evaporation. The

thicknesses of the Al and Si layers were kept constant at 100 nm. The sample preparation

method is summarized in Table 2. Layer exchange was found to occur in all of the samples.

As shown in Fig. 3, intense peaks from Si(111) and Al(111) planes were observed for samples

H-J, with the peak intensity being much larger in sample J. These results show that the

vacuum evaporation of Al layers significantly improves the crystalline quality of AIC-Si

layers. To further investigate the influence of the Al deposition method, AFM observations

were performed just after Al deposition and after 50 h exposure to air for sample B, and just

after Al deposition and after 48 h exposure to air for sample J. As shown in Fig. 4, it was

found that the Al had a much smoother surface and its grain size was much smaller in the

vacuum-evaporated Al layer. In the case of vacuum evaporation, the kinetic energy of Al

atoms is approximately kg7 (< 1 eV), where kg and T are the Boltzmann constant and the

absolute temperature, respectively. In contrast, the kinetic energy of Al atoms sputtered is on

the order of 10 eV [20]. We think that this difference is attributed to the difference in surface

roughness shown in Fig. 4. It is well known that the presence of native Al oxide at the a-Si/Al

interface plays an essential role in the final crystal quality of poly-Si layers [5-7, 21-24]. We

believe that the rough surface of the Al layers produced by sputtering gave rise to
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non-uniform Al oxide layers, which influenced the crystallization of the AIC-Si layers. Figure
5 shows the dependence of the XRD peak intensity of the Si(111) plane on the air-exposure
time of the vacuum-evaporated Al layers. The AIC process conditions were the same as those
of sample J except for the exposure time. The peak intensity tended to increase with
increasing exposure time, although there is a lack of values in the intermediate time range. On
the basis of these results, we adopted the AIC process of sample J, on which BaSi, films were
grown by MBE.

Figures 6(a) and 6(b) show examples of an SEM image and EBSD mapping of
sample J observed along the normal direction, respectively. It was found from the SEM image
that the Si layer was continuous. The EBSD measurement was carried out at intervals of 2 pum
within an area of 200x200 um?. In Fig. 6(b), regions of (111)-oriented Si grains are colored
blue, and regions of (001)-oriented Si grains are colored red. In the present study,
(111)-oriented grains were defined as grains whose misorientation from the ideal (111) plane
was less than 10 °. Figure 6(b) reveals that approximately 94% of the film surface area had a
preferential orientation of (111). The RMS roughness value of the poly-Si layer was relatively

large, at 14.72 nm.

3.2 Formation and photoresponsivity of BaSi; film on AIC-Si/SiO;

Figure 7(a) shows the 426 and 260 XRD patterns from the samples after the growth
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of a 300-nm-thick BaSi, film by MBE on the Si layers formed by the AIC process of sample J.
The diffraction peaks of the (211), (301) and (411) planes of BaSi, were observed instead of
a-axis-oriented diffraction peaks which dominate in the BaSi, epitaxial films grown on
single-crystalline Si(111) substrates [12]. We think that this can be attributed to the rough
surface of the AIC-Si layers, as mentioned above. Epitaxial thickening by chemical vapor
deposition utilizing the AIC poly-Si layers as seed crystals might lead to a flat surface of the
poly-Si layers, thereby yielding a-axis-oriented high-quality BaSi, layers. Figure 7(b) shows
the external quantum efficiency (77) versus photon energy measured at RT under various bias
voltages. Light absorption produces electron-hole pairs that are separated by the electric field
between the electrodes, leading to current flow in the external circuit as the photoexcited
carriers drift before recombination. Photocurrents were observed for photon energies greater
than 1.25 eV, and increased sharply with increasing photon energy to reach a maximum at
approximately 1.60 eV. For comparison, the 7 versus photon energy plot measured for the
AIC-Si layers in sample J was inserted in Fig. 7(b). The 7 value was more than two orders of
magnitude smaller than that for the BaSi, sample. Thus, the contribution of photoexcited
carriers originating from the AIC-Si layers to the measured photoresponse can be excluded.
This is because the o value of BaSi, exceeds 10° cm™ at around 1.60 eV [2,3], and therefore
almost all the photons around 1.60 eV are absorbed within the 300-nm-thick BaSi, film. 7

was found to reach a value as large as approximately 8% at a bias voltage of 5 V. This value

10
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corresponds to that obtained in 900-nm-thick BaSi, epitaxial films on single-crystalline
Si(111) substrates [19]. In this study, photoexcited carriers drifted in the lateral direction, and
therefore the carriers likely encountered grain boundaries. With increasing drift velocity, the
number of carriers that reached the electrodes before recombination increased, resulting in an
increase in the external quantum efficiency with increasing bias voltage, as shown in Fig. 7(b).
In the case of a BaSi, pn junction, an enhanced external quantum efficiency can be expected,
because a much larger built-in electric field (~10* V/cm) exists around the junction, and also
the distance that photoexcited carriers must travel is much shorter (~1 pum) than that in the
present case (1.5 mm). The highest temperature used in this study was 600 °C, and that is the
temperature when BaSi, films were grown by MBE. Thus, the whole process can be carried

out for cheaper substrates than fused silica substrates in the near future.

4. Conclusions

We have prepared (111)-oriented Si layers on fused silica substrates by the AIC
method. The dependence of the crystallinity on the thicknesses of the Si and Al layers,
deposition order and deposition technique, and air-exposure time after Al deposition was
studied. It was found that vacuum evaporation of Al and subsequent exposure to air
significantly improved the crystallinity of AIC-Si layers. EBSD mapping revealed that

approximately 94% of the AIC-Si surface area had a preferential (111) orientation.

11
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300-nm-thick undoped-BaSi, films were grown by MBE on (111)-oriented Si layers produced

on SiO; by the AIC method. Photoresponse spectra for photons with energies greater than

1.25 eV were clearly observed. The external quantum efficiency at 1.60 eV increased with the

bias voltage applied between the electrodes, and reached a value of approximately 8% at 5 V.

12



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

References

[1] S. M. Sze: Physics of Semiconductor Devices (Wiley, New York, 1981).

[2] K. Morita, Y. Inomata, T. Suemasu, Thin Solid Films 508 (2006) 363.

[3] D. B. Migas, V. L. Shaposhnikov, V. E. Borisenko, Phys. Status Solidi B 244 (2007) 2611.

[4] K. Morita, Y. Inomata, T. Suemasu, Jpn. J. Appl. Phys. 45 (2006) L390.

[5] O. Nast, T. Puzzer, L. M. Koschier, A. B. Sproul, S. R. Wenham: Appl. Phys. Lett. 73

(1998) 3214.

[6] S. Gall, M. Muske, I. Sieber, O. Nast, W. Fuhs, J. Non-Cryst. Solids 299 (2002) 741.

[7] H. Kim, D. Kim, G. Lee, D. Kim, S. H. Lee, Sol. Energy Mater. Sol. Cells 74 (2002) 323.

[8] M. Haque, H. Naseem, W. Brown, J. Appl. Phys. 75 (1994) 3928.

[9] W. Knaepen, C. Detavernier, R. L. Van Meirhaeghe, J. J. Sweet, C. Lavoie, Thin Solid

Films 516 (2008) 4946.

[10] Y. Sugimoto, N. Takata, T. Hirota, K. Ikeda, F. Yoshida, H. Nakashima, H. Nakashima,

Jpn. J. Appl. Phys. 44 (2005) 4770.

[11] R. A. McKee, F. J. Walker, J. R. Conner, R. Raj, Appl. Phys. Lett. 63 (1993) 2818.

[12] Y. Inomata, T. Nakamura, T. Suemasu, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) L478.

[13] Y. Inomata, T. Suemasu, T. Izawa, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) L771.

[14] Y. Inomata, T. Nakamura, T. Suemasu, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) 4155.

13



233

234

235

236

237

238

239

240

241

242

243

244

245

246

[15] M. Kobayashi, Y. Matsumoto, Y. Ichikawa, D. Tsukada, T. Suemasu, Appl. Phys.

Express 1 (2008) 051403.

[16] G. Ekanayake, T. Quinn, H. S. Reehal, B. Rau, S. Gall, J. Cryst. Growth 299 (2007) 309.

[17] A. Straub, D. Inns, M. L. Terry, Y. Huang, P. I. Widenborg, A. G. Aberle, Thin Solid

Films 511-512 (2006) 41.

[18] H. Kuraseko, N. Orita, H. Koaizawa, M. Kondo, Appl. Phys. Express 2 (2009) 015501.

[19] Y. Matsumoto, Dai Tsukada, R. Sasaki, M Takeishi, T. Suemasu, Appl. Phys. Express 2

(2009) 021101.

[20] A. T. Bell, J. Vac. Sci. & Technol. 16 (1979) 418.

[21] O. Nast, A. J. Hartmann, J. Appl. Phys. 88 (2000) 124.

[22] O. Nast, A. J. Hartmann, J. Appl. Phys. 88 (2000) 716.

[23] P. I. Widenborg, A. G. Aberle, J. Cryst. Growth 242 (2002) 270.

[24] 1. Sieber, R. Schneider, 1. Doerfel, P. Schubert-Bischoff, S. Gall, W. Fuhs, Thin Solid

Films 427 (2003) 298.

14



247

248

249

250

251

252

2563

254

255

256

257

2568

259

260

261

262

263

264

265

Figure captions

Figure 1 0-260 and 26 XRD patterns of samples A-E. The X-ray beam was incident at

an angle of 2 ° in the 260 XRD measurement. Sample preparation is summarized in Table 1.

The Al layers were not etched for these measurements.

Figure 2 AFM images of samples B and E. In the case of sample B, the Al layer was

etched before measurement.

Figure 3 6-20 and 260 XRD patterns of samples F-J. -2 and 26 XRD patterns of

samples A-E. The X-ray beam was incident at an angle of 2 ° in the 260 XRD measurement.

Sample preparation is summarized in Table 2. The Al layers were not etched for these

measurements.

Figure 4 AFM images of samples B and J taken just after Al deposition by RF

magnetron sputtering (a) and by vacuum evaporation (c), and after 50-h-exposure to air (b)

and after 48-h-exposure to air (d), respectively.

Figure 5 Dependence of XRD peak intensity of Si(111) plane on exposure time to
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air after Al deposition. The experimental conditions were the same as those for sample J

except for the exposure time. The solid line is a guide only.

Figure 6 (a) SEM image and (b) EBSD mapping of the AIC-Si layer in sample J.

observed along the normal direction. (111)-oriented grains were defined as grains whose

misorientation from the ideal (111) plane was less than 10 °.

Figure 7 (a) 6-20 and 20 XRD patterns of BaSi, on SiO; and (b) external quantum

efficiency vs. photon energy for BaSi, layers measured at RT. The quantum efficiency for the

AIC-Si layer (sample J) multiplied by 10 under the bias voltage of 2 V is inserted for

comparison.
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