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Abstract

We perform transmission electron microscopy investigation of the microstructures of
polycrystalline silicon (poly-Si) films formed through explosive crystallization (EC)
induced by flash lamp annealing (FLA) of precursor amorphous silicon (a-Si) films.
Two characteristic regions, formed periodically as a result of EC, show different micro-
structures: one consists of randomly oriented, densely packed fine grains of approxi-
mately 10 nm in size, whereas the other has relatively large (>100 nm), stretched grains,
probably formed through liquid-phase epitaxy onto solid-phase-nucleated grains. Lit-
tle a-Si tissue surrounding grains can be observed in the lattice images of
flash-lamp-crystallized poly-Si films, which would be favorable for the rapid transport

of photocarriers.



1. Introduction

Thin crystalline silicon (c-Si) films are promising as a next-generation solar cell materi-
al. Solar cells with a high conversion efficiency (>10%) have been demonstrated us-
ing polycrystalline (poly-Si) films formed by solid-phase crystallization (SPC) of pre-
cursor amorphous silicon (a-Si) films on glass substrates by furnace annealing for sev-

eral hours."

Such a time-consuming crystallization is, however, unfavorable for mass
production in which high throughput is required, and therefore, a rapid crystallization
technique is desired. Furthermore, careful tuning of the annealing duration will lead to
selective heating of the precursor a-Si films only, keeping the temperature of low-cost
glass substrates with poor thermal tolerance sufficiently low.

Flash lamp annealing (FLA) is an annealing technique using a light pulse of a few
milliseconds and can crystallize micrometer-thick a-Si films without heating of the

3)

whole glass substrate owing to its appropriate annealing duration.>” We have demon-

strated that FLA can yield 4.5-um-thick poly-Si films even on soda lime glass sub-

)

strates.”  The flash-lamp-crystallized (FLC) poly-Si films can be processed to solar

) We have also clarified

cells that demonstrate rectifying and photovoltaic properties.’
that the flash-lamp-induced crystallization progresses laterally through explosive crys-
tallization (EC), that is, autocatalytic crystallization associated with the liberation of la-
tent heat.” The EC induced by FLA leaves behind periodic structures along the lateral
crystallization directions under certain film and FLA conditions.”” The FLC poly-Si
films have two characteristic regions with different features, such as grain size and sur-

face morphology, resulting in the formation of the periodic structures.”

In this study,
we have investigated the microstructures of FLC poly-Si films in detail by means of

cross-sectional transmission electron microscopy (TEM) and electron beam diffraction
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(EBD) patterns to gain further understanding of the microstructures of FLC poly-Si

films and their crystallization mechanisms.

2. Experimental Procedure

First, Cr films of 60 nm thickness were sputtered, with the aim of suppressing Si film
peeling during FLA, on quartz glass substrates of 20x20x0.7 mm®, followed by the
deposition of 4.5-um-thick a-Si films by catalytic chemical vapor deposition (Cat-CVD).
The detailed deposition conditions have been summarized elsewhere.”

FLA was performed with a pulse duration of 5 ms and irradiance of approximately
20 J/ecm®.  Flash-lamp light illuminated the whole area of the substrates with sufficient
areal homogeneity of within 5%. Only one shot of flash irradiation was performed for
one sample. No additional heating was applied to samples during FLA. TEM obser-
vation was performed wusing a high-resolution electron microscope (JEOL

JEM-4000EX) with an electron energy of 400 keV after focused-ion-beam thinning.

3. Results and Discussion

In this study, we selected a partially crystallized Si film sample for cross-sectional TEM
observation. The surface appearance of the FLC poly-Si film is shown in Fig. 1, and
indicates that lateral crystallization is ignited at film edges and the crystallized area ex-
pands towards the center. A cross section for TEM observation was formed at an
a-Si/c-Si boundary. According to the results of Raman spectroscopy, the crystallized
parts have high crystalline fractions close to unity, which is consistent with those re-
ported previously.*”

Figure 2 shows the low-magnification cross-sectional TEM image of the FLC
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poly-Si film. One can clearly see two characteristic regions in the image: a region
containing surface protrusions and relatively large, stretched grains with sizes of more
than 100 nm (large-grain region), and a region with a flat surface and containing no
100-nm-sized large grains (fine-grain region). EBD patterns of the two regions, also
shown in Fig. 2, reveal that the former has a higher degree of orientation than the latter.
The EBD pattern at position ¢, within 1 pum from the a-Si/c-Si boundary, indicates a
complete halo ring, indicating quite abrupt phase change from c-Si to a-Si at the bound-
ary.

Figures 3(a) and 3(b) show the bright- and dark-field images of the fine-grain region
of the FLC poly-Si film. These images clearly show the existence of 10-nm-sized fine
grains, which is consistent with the grain size estimated from the full width at

half-maximum (FWHM) of a c-Si Raman peak.*'”

Figure 3(c) shows the lattice im-
age of the fine-grain region. One can confirm individual grains in the image, whereas
the amorphous phase is negligible between them. The random orientation of grains in
FLC poly-Si films has also been confirmed in an X-ray diffraction (XRD) pattern'".
According to these results, it is found that the fine-grain regions consist of randomly
oriented, densely packed fine grains with little amorphous phase.

Figures 4(a) and 4(b) show bright- and dark-field images of the large-grain region of
the FLC poly-Si film. In contrast to the fine-grain region, large grains of over 100 nm
are clearly seen. The dark-field image reveals no significant variation of orientation
inside the large grain, which probably indicates that the large grains are formed through
epitaxial growth onto one nucleus. Figure 4(c) shows the lattice image of the

large-grain region of the FLC poly-Si film. No clear grain boundaries are seen in the

image. This is also an indication of the formation of large grains.
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The relatively large grains stretching along the crystallization direction are probably
formed through liquid-phase epitaxy (LPE) of molten Si onto solid-phase-nucleated
grains. The formation of surface protrusions cannot be explained by complete SPC,
and thus, the large-grain regions are at least partially melted during crystallization.
Since the melting point of a-Si is about 1418 K.? the partially melted Si undergoes a
maximum supercooling of 269 K in this system, at which the homogeneous Si nuclea-

tion rate is estimated to be less than 1 m~s!.'?

This indicates that nucleation occurs in
the solid phase even in the large-grain regions undergoing partial melting. The molten
Si then contributes to the enlargement of the solid-phase-nucleated grains through LPE,
and the speed of epitaxial growth can be spatially inhomogeneous because of a thermal
gradient in the lateral direction in the vicinity of the a-Si/c-Si interface during EC. At
temperatures around the melting point of a-Si of 1418 K, the epitaxial growth speed in-

. . 2
creases with decreasing temperature.”

This results in the faster epitaxial growth near
the a-Si/c-Si interface where the temperature is lower and the formation of grains
stretching along the lateral crystallization direction.

From the point of view of solar cell application, the FLC poly-Si with a high crys-
talline fraction would lead to the rapid transport of photogenerated carriers. Relatively
high Hall mobilities of ~10 cm*V™'s™ have actually been observed in the FLC poly-Si

films.'>

Effective carrier collection can be expected in solar cells fabricated using
FLC poly-Si films. On the other hand, the passivation of grain boundaries would be
one of the most important issues in realizing high-efficiency solar cells using FLC
poly-Si films, because of the absence of a-Si tissue passivating grain boundaries, unlike

CVD microcrystalline Si films. The issue would be overcome by terminating dangling

bonds at grain boundaries with H atoms that are present at about 10*' atoms/cm® in FLC
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poly-Si films. This high H density is due to the suppression of H desorption during
FLA, which may result from the rapid lateral thermal transfer in EC. We have found
that these remaining H atoms can be utilized for the termination of Si dangling bonds by
furnace annealing,'” and the defect density can be decreased to ~5x10'® cm™.'>  This
value is close to those of CVD a-Si and microcrystalline Si films, and further reduction

of defect density will hopefully be realized by optimizing the defect-terminating an-

nealing conditions and/or applying other passivation techniques.

4. Conclusions

High-resolution TEM observations have clarified the difference in the microstructures
of fine-grain and large-grain regions of FLC poly-Si films. The fine-grain region con-
sists of randomly oriented, densely packed fine grains of approximately 10 nm in size,
whereas large-grain regions have stretched grains, probably formed through lig-
uid-phase epitaxy onto solid-phase-nucleated grains. The characteristic microstruc-
tures without a-Si tissue around the grains would lead to better carrier transport proper-
ties than those of a-Si and pc-Si, whereas the passivation of grain boundaries would be

one of the key issues in the realization of high-performance solar cells.
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Figure captions

Fig. 1 Surface appearance of FLC poly-Si film used for TEM observation. The posi-

tion of the cross section is also indicated.

Fig. 2 Cross-sectional TEM image (bright field) of the FLC poly-Si film. Straight
and dashed arrows indicate the large-grain and fine-grain regions, respectively. EBD
patterns recorded at (a) fine-grain, (b) large-grain, and (c) amorphous regions are also

shown.

Fig. 3 TEM images of the fine-grain region of the FLC poly-Si film: (a) bright-field

image, (b) dark-field image, and (c) lattice image.

Fig. 4 TEM images of the large-grain region of the FLC poly-Si film: (a) bright-field

image, (b) dark-field image, and (c) lattice image.



Cross section

Fig. 1 K. Ohdaira et al.,
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1000 nm

Fig. 2 K. Ohdaira et al.,
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Fig.3 K. Ohdaira et al.,
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Fig. 4 K. Ohdaira et al.,
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