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Flash lamp annealing (FLA) is one of the short-duration annealing methods suitable
for the crystallization of micrometer-order-thick amorphous silicon (a-Si) films for thin-
film polycrystalline silicon (poly-Si) solar cells. The crystallization of electron-beam-
(EB-) evaporated a-Si films formed on flat glass substrates by FLA is known to take place
through explosive crystallization (EC), by which laterally stretched large crystal grains
are formed. In this study, we experimentally investigate the behavior of the FLA-induced
crystallization of EB-evaporated a-Si films on glass substrates with intentionally roughed
surfaces. When a-Si films on the textured glass substrates receive a FL pulse light
consisting of sub-pulses with variable emission frequency, macroscopic stripe patterns
with a constant width are observed on the poly-Si surface. This indicates the emergence
of EC in EB-evaporated a-Si films also on textured glass substrates, similar to the case of
a-Si films on flat substrates. Poly-Si films formed on textured glass substrates have
smaller Si crystal grains in the vicinity of the Si/glass interface than the grains near the
surface. Moreover, the lateral crystallization velocity of a-Si films on texture glass
substrates is smaller compared to that on flat glass substrates. These indicate that the
behavior of the EC of EB-evaporated a-Si films is affected by the surface morphology of

glass substrates.
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1. Introduction

Thin-film polycrystalline silicon (poly-Si) solar cells have attracted attention as next-
generation solar cells due to their small amount of material usage and resulting potential for
lower fabrication cost [1-10]. At present, the record efficiency of thin-film poly-Si solar cell
on glass substrates is up to >15% [10]. The formation of thin-film poly-Si films by the
crystallization of amorphous Si (a-Si) films using short-duration heat treatment is expected
for high productivity. Excimer laser annealing (ELA) has been widely used for the formation
of thin poly-Si films particularly for thin-film transistors [11-15]. ELA typically has a pulse
duration on the order of 10 ns, corresponding to a thermal diffusion length in a-Si of ~0.1 pm,
which is insufficient for the crystallization of micrometer-order-thick a-Si films for solar cell
application. Rapid thermal annealing (RTA) has much longer heating duration of several
seconds [16-20], by which a thermal diffusion length in a-Si and glass exceeds the thickness
of glass substrates (~1 mm). This leads to thermal damage to whole glass substrates. They are
thus not suitable for the mass production of thin-film poly-Si on glass substrates. Flash lamp
annealing (FLA) is an annealing method using millisecond-order pulse light emitted from a
xenon lamp [21-25]. The thermal diffusion lengths in a-Si and glass in millisecond-order
annealing are several tens of pm, which is suitable for the formation of thin-film poly-Si while
suppressing thermal damage to glass [25]. Besides, large-area a-Si can be crystallized with
one flash light just by expanding the irradiation area.

We have thus far reported the crystallization of a-Si films, prepared by catalytic chemical
vapor deposition (Cat-CVD), sputtering, and electron-beam (EB) evaporation, by FLA [24—
30]. The crystallization of EB-evaporated a-Si films prepared on flat glass substrates
progresses through explosive crystallization (EC) governed by liquid-phase epitaxy (LPE),
by which crystal grains stretched in several tens of um in a lateral direction are formed [26].
The emergence of EC has been experimentally confirmed by the formation of macroscopic
stripe patterns on the poly-Si films, originating from periodic temperature modulation during
FLA[27, 28]. We have also performed the FLA of EB-evaporated a-Si films on textured glass
substrates, aiming at the suppression of film cracking and enhancement of light trapping for
the application of the poly-Si films to solar cells [30]. Raman spectroscopy revealed that poly-
Si films formed from EB-evaporated a-Si films on moderately textured glass substrates have

the full width at half maximum (FWHM) of a c-Si peak similar to that of poly-Si on flat glass
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substrates, indicating equivalent grain size. The effect of the morphology of glass surface on
the behavior of the crystallization of EB-evaporated a-Si films, however, has not been fully
clarified yet. EC is governed by heat release due to enthalpy difference between a-Si and c-Si
phases and its lateral diffusion. Thus, the roughness of glass substrates might affect the
emergence and/or the mode of EC, LPE-based one or solid-phase-based one. In this study, we
experimentally investigated the crystallization behavior of EB-evaporated a-Si films on

textured glass substrates by FLA.

2. Experimental procedures

We ultrasonically cleaned 19.8x19.8x0.7 mm? glass (Corning Eagle XG) substrates using
Semico clean 56 (including tetramethylammonium hydroxide), ethanol, and deionized water
for 10 minutes, respectively. Textured surfaces on the glass substrates were formed by reactive
ion etching (RIE) for 1 h using CF4 at a flow rate of 30 sccm, a pressure of 2.6 Pa, and an RF
power of 200 W. a-Si films with a thickness of ~3 pm were deposited on flat and textured
glass substrates by EB evaporation at a substrate temperature of 300 °C.

FLA was performed only once for each EB-evaporated a-Si film at a fluence of 20 J/cm?,
a pulse duration of 7 ms, and a preheating temperature of 500 °C in Ar atmosphere. The
millisecond-order flash lamp pulse consisted of many square-wave sub-pulses with an almost
constant intensity and an on:off ratio of 4:1. The irradiation of the sub-pulses on Si films
resulted in the cyclic modulation of the temperature of the Si films during FLA, by which
macroscopic stripe patterns are left behind if lateral EC occurs [27, 28]. Since the width of
the macroscopic stripes corresponds to the length of lateral crystallization during one sub-
pulse irradiation, we can easily estimate an EC velocity (vec) from the relationship between
the width and the sub-pulse emission frequency. Note that EC continues during the sub-pulse
emission is off because the Si film can keep a sufficiently high temperature for the EC [28].
In this study, we modulated the sub-pulse emission frequency in a range of 1-10 kHz.

The surface roughness of the glass substrates was measured on an atomic force
microscope (AFM) (Digital Instruments, Nanoscope Illa) under the tapping mode. The optical
reflectance spectra of the Si films before and after FLA was measured by ultraviolet and
visible spectrophotometer (Shimadzu, UV-3150) equipped with an integrating sphere. The
presence or absence of the crystallization of  Si films and their crystallinity before and after
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FLA were evaluated by Raman spectroscopy (Renishaw, Ramascope) using the 632.8 nm line
of a He-Ne laser. The Raman spectra were obtained at three points for each sample to confirm
the uniformity of the crystallization. The microstructures of poly-Si formed by FLA on
textured glass substrates were observed in a cross-sectional transmission electron microscope
(TEM) (Hitachi, H-9500) at an acceleration voltage of 200 kV. The TEM image for the poly-

Si films on flat glass substrates can be seen elsewhere [26].

3. Results

Fig. 1 shows the AFM image of a glass surface after RIE for 1 h. A similar rough surface
morphology as our previous work was obtained [30]. Before RIE, the root-mean-square
(RMS) roughness of a glass substrate was less than 1 nm, while the RMS roughness increased
to 20—40 nm by performing RIE. Fig. 2 shows the optical reflectance spectra of Si films before
and after FLA measured from the Si side. The interference shown in the long-wavelength
region of the spectra for flat samples disappears in the spectra for the textured samples. This
is due to light scattering on the surface of textured glass and is a clear indication of the
formation of glass roughness. The reflectance of Si films on the textured glass substrate is
10% lower than that of the Si film on the flat glass substrate. This can contribute to a reduction
in a fluence required for the crystallization of EB-evaporated a-Si films [29]. Note that the
optical reflectance of the poly-Si film formed on textured glass substrates is also lower than
that formed on flat glass substrates. This will lead to anti-reflection and light trapping of
incident sunlight if the poly-Si films are applied to solar cells.

Fig. 3 shows the Raman spectra of Si films after FLA, in which the crystallization of all
the samples were performed under the same FLA condition with a fluence of ~20 J/cm? and
a sub-pulse emission frequency of 1 kHz. The peaks originating from crystalline Si (c-Si)
phase are clearly seen at ~520 cm ™! on the whole area of all the Si films, indicating that the
samples are crystallized. Note that the c-Si peaks of the poly-Si films on textured glass
substrates are slightly shifted to a high wavenumber than those on flat glass substrates. This
may indicate the relaxation of tensile stress by using glass substrates with textured
morphology [31]. The FWHM values of the c-Si Raman peaks of all the samples are obtained
to be 4-5 cm!, independent of the presence or absence of textures on glass substrates. These

results suggest that the crystallization under the similar behavior takes place both on the flat
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and textured glass substrates and these poly-Si films contain crystal grains with similar sizes.
We have also confirmed that these features of the Raman spectra of Si films are independent
of sub-pulse emission frequency.

Fig. 4 shows the surface images of poly-Si films on flat and textured glass substrates after
FLA with sub-pulse emission frequencies of 2, 5, and 10 kHz. The stripe patterns of poly-Si
films on textured glass substrates were not clearly seen when the photographs of the poly-Si
surfaces were captured in a normal way because of light scattering. We thus photographed the
surfaces of poly-Si films on texture glass substrates with white light illumination from the
back side of the samples. All the samples shows macroscopic stripe patterns, and the stripe
width is decreased with increase in the sub-pulse emission frequency. This clearly
demonstrates the emergence of EC also on textured glass substrates [27, 28]. As mentioned
above, we can easily estimate the vec from the relationship between the width of macroscopic
stripe patterns and the sub-pulse emission frequency. Fig. 5 shows the width of the
macroscopic stripe patterns as a function of the reciprocal of the sub-pulse emission frequency,
i.e. duration for one sub-pulse. The slopes of the plots in Fig. 5 thus correspond to vec [27,
28]. The vec of Si films on flat and textured glass substrates obtained from the slopes are also
indicated in Fig. 5. The EB-evaporated a-Si films on flat glass substrates shows a vec of ~14
m/s, which is equivalent to the LPE velocity of molten Si near the melting point of a-Si [23]
and reproduces our previous results [27, 28]. On the contrary, the estimated vec on textured
glass substrates is smaller than ~14 m/s. This indicates that the behavior of the EC is affected
by the presence of textured morphology of glass surfaces.

Fig. 6 shows the cross-sectional TEM images of the poly-Si formed on the textured glass
substrate. The cross-section was formed along the EC direction. One can clearly see laterally
stretched crystal grains particularly near the poly-Si surface. This indicates the emergence of
LPE-based EC. On the contrary, there are smaller grains in the vicinity of the textured glass
surface, and the angle of the stretching direction of large grains is different from that near the
poly-Si surface. We have also confirmed the difference of grain features in electron diffraction
(ED) patterns taking near the poly-Si surface and near the Si/glass interface (not shown here).
This seemingly conflicts with the result of Raman spectra, shown in Fig. 3, in which the
FWHMs of c-Si peaks similar to that of poly-Si on flat glass substrates are confirmed. This

can be explained by the surface-sensitive nature of Raman spectroscopy. Even using a He-Ne
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laser with a wavelength of 632.8 nm, corresponding to a penetration depth in c-Si of ~3 um,
the Raman spectra contain smaller contribution from the bottom side, and no significant

difference is seen between the spectra of poly-Si on flat and textured glass substrates.

4. Discussion

As mentioned in the previous chapter, the crystallization of EB-evaporated a-Si films by
FLA on textured glass substrates is based on EC, successive crystallization driven by the
release of heat due to the enthalpy difference between a-Si and c-Si phases and thermal
diffusion towards surrounding a-Si [32]. The formation of macroscopic stripe patterns by the
irradiation of flash lamp pulse consisting of sub-pulses is the clear experimental evidence for
the emergence of EC [27, 28]. The EC of a-Si films induced by FLA can be basically divided
into two behaviors. One is LPE-based EC, in which molten Si always exist during the EC and
crystallization occurs only through liquid-phase epitaxy [26]. The other is an EC partly
involving solid-phase crystallization. In this particular EC, an LPC region and a solid-phase-
nucleation region appear alternatively with a microscopic period of ~1 um [25]. We have
clarified, in our previous work using flat glass substrates, that the usage of CVD or sputtered
a-Si films as precursors leads to the emergence of the latter EC, while the former LPC-based
EC occurs in EB-evaporated a-Si precursors. The vec’s of these two ECs have been estimated
to be ~14 m/s for the former LPC-based EC and ~4 m/s for the latter SPC-involved EC, based
on the relationship between the macroscopic stripe patterns formed by the irradiation of sub-
pulses and the emission frequency of the sub-pulses [27, 28].

As clarified in Fig. 5, the vec of EB-evaporated a-Si films on textured glass substrates is
close to but slightly smaller than the vec of EB-evaporated a-Si films on flat glass substrates.
This indicates that the behavior of EC is slightly affected by the existence of glass roughness.
The effect of textures on the EC behavior can also be confirmed in the TEM images shown in
Fig. 6. Relatively small crystal grains can be seen close to the glass surface. This can be
explained as follows. As mentioned above, EC progresses laterally by heat release originating
from the enthalpy difference between c-Si and a-Si and its lateral thermal diffusion. Under
the existence of glass textures, part of generated heat diffuses not into a-Si but into the
protrusion of glass, at which heat generation by crystallization does not occur. Molten Si

existing between c-Si and a-Si during LPC-based EC may disappear there and solid-phase
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crystallization becomes dominant, leading to the formation of smaller crystal grains. The
disappearance of molten Si also explains the decrease in vec in EB-evaporated a-Si on textured
glass.

Based on the experimental results and discussion above, we concluded that the EC of EB-
evaporated a-Si films takes place on textured glass substrates, but is not completely the same

as that on flat glass substrates.

5. Conclusion

We investigated the behavior of the EC, induced by FLA, of EB-evaporated a-Si films on
textured glass substrates. We experimentally confirmed the emergence of the EC of EB-
evaporated a-Si films on textured glass substrates, by observing the macroscopic stripe
patterns formed by the irradiation of the millisecond pulse consisting of frequency-tunable
sub-pulses. Based on the results of cross-sectional TEM observation, we have also clarified
that the EC behavior on textured glass substrates are not completely the same as that on flat
glass substrates, and particularly near the glass surface, the features of crystal grains becomes

different from those near the poly-Si surface.
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Figure Captions

Fig. 1. (Color online) AFM images of the surfaces of glass substrates (a) before and (b) after
RIE.

Fig. 2. (Color online) Optical reflectance spectra of Si films on flat and textured glass

substrates before and after FLA.

Fig. 3. (Color online) Raman spectra of Si films after FLA. (a), (b), and (c) shown in the inset
indicate measurement points of Raman spectra. Dash and solid lines exhibit the spectra of Si
films on flat and textured glass substrates, respectively. The spectra of Si films before FLA

are also shown as black lines for comparison.

Fig. 4. (Color online) Surfaces of Si films on flat and textured glass substrates after FLA with
the sub-pulse frequencies of 2, 5, and 10 kHz.

Fig. 5. (Color online) Width of macroscopic stripe patterns on poly-Si films formed on flat
and textured glass substrates as a function of the reciprocal of sub-pulse emission frequency.

The straight lines are the results of line fitting.
10



Fig. 6. (Color online) Cross-sectional TEM image of a poly-Si film formed on a textured glass

substrate. The cross-section was formed along an EC direction.
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