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Abstract

Flash lamp annealing (FLA) of micrometer-order-thick amorphous silicon (a-Si) films
can induce explosive crystallization (EC), high-speed lateral crystallization driven by
the release of latent heat. We develop multi-pulse flash lamp annealing (FLA) system,
which emits a quasi-millisecond pulse consisting of a number of sub-pulses. The
emission frequency of the sub-pulses can be systematically controlled, and the emission
of sub-pulses leads to the periodic modulation of the temperature of a Si film and the
resulting formation of macroscopic stripe patterns. The relationship between a
sub-pulse emission frequency and the width of the macroscopic stripe patterns yields
EC velocity. Two kinds of EC modes can be observed, depending on the methods of

precursor a-Si deposition and/or a-Si film thickness.

PACS No.: 81.10.Jt, 81.40.Ef, 88.40.jj



1. Introduction

Thin-film crystalline Si (c-Si) is of great interest as a photovoltaic material because
of the possibility of high efficiency and efficient material usage. Of a variety of
methods to form thin c-Si, the crystallization of precursor amorphous silicon (a-Si)
films on low-cost substrates has been expected as a prospective candidate [1-3]. We
have investigated the crystallization of a-Si films by flash lamp annealing (FLA),
millisecond-order rapid annealing using a pulse light emitted from Xe lamps [4-11].
Due to its proper annealing duration, FLA can realize the sufficient heating of a
micrometer-order-thick a-Si film without serious thermal damage onto an entire glass
substrate. Another advantage of FLA is large-area, uniform pulse emission without
scanning, unlike the cases of laser annealing [12]. FLA can thus be a high-throughput
annealing method for the formation of large-area polycrystalline Si (poly-Si) films.

We have so far confirmed that a few pum-thick a-Si films can be crystallized by a
single shot of flash pulse [4-6,11]. The mechanism of the flash-lamp-induced
crystallization of a-Si films is based on explosive crystallization (EC). EC is an
well-known crystallization mode generally seen in amorphous materials with higher
enthalpy than crystalline material, showing lateral crystallization driven by the release
of latent heat [6,8,9,11,13]. We sometimes observe an EC including solid-phase
nucleation (SPN), which leaves behind 1-pum-spacing periodic microstructures [6,8,9],
and sometimes see the other type of EC completely governed by liquid-phase epitaxy
(LPE), which forms relatively large grains with a length of several tens of um [9,11].
The evaluation of the velocity of lateral crystallization is thus quite important for the

discussion of the fundamental physics of crystallization mechanisms. An in-situ



observation system of the EC is, however, generally quite complex and difficult to be
equipped in a FLA system.

We have thus established a new method to evaluate EC velocity by using
multi-pulse FLA[9]. Multi-pulse FLA can supply a quasi-millisecond pulse consisting
of a number of sub-pulses whose emission frequency can be systematically controlled.
Si films receive periodic temperature modulation by the sub-pulse emission, and as a
result, macroscopic stripe patterns are formed on the surface of poly-Si films. By
considering the emission frequency of sub-pulses and the width of the macroscopic
stripe patterns, EC velocity is easily estimated, without any complicated in-situ
observation systems. In this paper, we explain the details of the multi-pulse FLA
system, along with thermal simulation to understand how the temperature modulation of
Si films is during sub-pulse emission. We also discuss the reason of the emergence of

different types of ECs depending on the properties of precursor a-Si films.

2. Simulation and experimental methods
2.1 Thermal simulation

We used a software named “PHOENICS”, produced by Concentration Heat and
Momentum Limited, for thermal simulation. Figure 1 shows a structure and heating
model used for the thermal simulation. As a quasi-5-ms pulse, we assumed a
rectangular wave consisting of 20 sub-pulses (emission frequency of 4 kHz) with a
duration of 0.2 ms and 0.05 ms intervals between sub-pulses. Fluence of the quasi
5-ms pulse was set to be 6.4 J/cm®.  We used a structure with a 4.5 pm-thick a-Si film
on a 500 um-thick glass substrate for the thermal simulation, which were divided into

20 and 200 meshes, respectively. In the actual FLA, a flash-lamp pulse has a broad



spectrum in a visible range, and not only the surface but the bottom of the a-Si film is
heated by absorbing the pulse light. However, since most of light is absorbed in the
vicinity of a-Si surface in such a thick film, we approximated the heating of a-Si from a
plate put on the surface of the a-Si film.  After 5-ms heating, 5-ms cooling time was set
in order to know how the temperature of Si decreases rapidly. No phase change
(crystallization or melting) is included in the simulation. The initial temperature of the

structure was set to be 400 °C.

2.2 Multi-pulse FLA system

Figure 2 shows a FLA equipment used in this study, manufactured by Design
System Co., Ltd.. A Xe flash lamp is set at a focal point of an elliptical mirror in a
lamp house. The lamp house can be moved between two positions: on a detector and
on a process chamber. The irradiance of a flash pulse can be checked by the detector
immediately before irradiating the pulse on a sample. The position of the sample is
designed to be the other focal point of the elliptical mirror, in order to effectively use the
light emitted from the Xe lamp. A sample holder can be heated up to 500 °C by a
halogen lamp from the back side of the holder.

Figure 3 shows a photograph of the Xe lamp, produced by ORC Manufacturing
Co., Ltd.. The principle of the sub-pulse emission is based on a stroboscopic lamp.
A voltage charged in a capacitor up to 1000 V is applied between main electrodes, and a
high voltage of 15 kV is applied to a trigger electrode wound around the lamp in order
to temporarily reduce an impedance of Xe gas. The emission of discrete sub-pulses
can be realized by turning on and off the voltage to the trigger electrode. Figure 4

shows photographs of pulse light seen between the lamp house and the process chamber,



captured using a high-speed camera FASTCAM SA-X2 (Photron), at the moments of
turning on and off the trigger voltage. Light intensities in the two cases are obviously
different, and the emission of sub-pulses can periodically modulate the temperature of a
Si film. It should also be noted that the light emission is not completely vanished at

the moment of no voltage application to the trigger electrode.

2.3 Poly-Si formation and characterization

We used 20x20x0.7 mm?-sized quartz or Eagle XG glass for substrates. We
deposited a-Si films by three different methods: sputtering, electron-beam- (EB-)
evaporation, and catalytic chemical vapor deposition (Cat-CVD). The thickness of
a-Si films was also changed from 2 to 10 um. Only in the case of Cat-CVD film,
sputtered Cr adhesion layers were inserted between a-Si films and glass substrates, in
order to suppress Si film peeling during FLA [4]. A substrate temperature during
EB-evaporation was set to be 350 °C. The details of other deposition conditions for
sputtered, Cat-CVD, and EB-evaporated a-Si films were summarized elsewhere [9].
FLA was performed at a fluence of 10-16 J/cm?® with a duration of 5-7 ms under Ar flow.
A supporting stage preheat temperature was 450-500 °C. The sub-pulse emission
frequency was systematically changed from 1 to 10 kHz. Only one shot of FLA was
performed for each sample. No dehydrogenation process was performed prior to FLA
even for Cat-CVD hydrogenated a-Si films. Lateral EC velocity was estimated by
dividing the average width of macroscopic stripe patterns formed by the irradiation of
multi-pulse by the inverse of sub-pulse emission frequency. The cross-sectional
microstructures of flash-lamp-crystallized (FLC) poly-Si films were observed by

transmission electron microscopy (TEM).



3. Results and discussion
3.1 Thermal simulation

Figure 5 shows the result of a thermal simulation for an a-Si/glass structure heated
by 4-kHz multi-pulse irradiation. The temperature of an a-Si film increases up to
around 1200 °C at 5 ms. On the other hand, only a 50-100 um-thick region from the
surface of a glass substrate is heated by FLA. Due to the selective heating, a glass
substrate does not entirely receive a thermal damage. This vertical thermal gradient
can also be a cause of cracking in glass substrates, and we need the careful selection of a
glass material to suppress glass cracking [10]. It should be emphasized that a fluence
of 6.4 J/cm? is much smaller than those of actual experimental values of more than 10
Jlecm?. This indicates that considerable amount of pulse light energy is wasted due to
reflection and/or transmission. In our previous study, we have shown that a
4.5-um-thick a-Si film absorbs about only 50% of visible light, and there is no effective
absorption of infra-red light [6]. The value of 6.4 J/cm? used for the simulation is thus
quantitatively reasonable. Time-dependent temperature variations at Si surface, Si
bottom (glass surface), and glass bottom are summarized in Fig. 6. The bottom of a
glass substrate is not heated at all. The temperature difference between the surface and
the bottom of an a-Si film is <60 °C. It should be noted that this temperature
difference must be over-estimated, since heating by flash-lamp pulse is now
approximated as a heating from a plate on the Si film. Due to the irradiation of
discrete sub-pulses, a Si film undergoes a considerable periodic temperature modulation,
as shown in Fig. 6.  This can slightly affect the lateral velocity of EC, and leave behind

slight variation of poly-Si surface morphology and resulting macroscopic stripe patterns.



The variation of the surface morphology of a poly-Si film is actually confirmed in Fig. 7.
Another fact we should mention here is that the temperature of a Si film decreases
quickly after finishing the irradiation of flash-lamp pulse. For instance, the
temperature of an a-Si film becomes less than 900 °C just 1 ms after stopping
flash-pulse irradiation. Thus, slow crystallization of Si during cooling duration is

unlikely, and crystallization is expected to take place during flash-pulse irradiation.

3.2 Characterization of FLC poly-Si films

Figure 8 shows the surface photographs of FLC poly-Si films formed from 10- and
3.5-um-thick EB-evaporated a-Si films, respectively. One can see macroscopic stripe
patterns on the surfaces of the FLC poly-Si films. The widths of the stripe patterns in
the two figures are, however, significantly different even formed by sub-pulse emission
with a same frequency of 5 kHz. This means that different types of EC take place, in
spite of using a-Si films prepared under the same deposition conditions. Figure 9
shows the average width of macroscopic stripe patterns formed on FLC poly-Si films as
a function of the inverse of sub-pulse emission frequency. The plots can be clearly
separated into two groups, and the slopes of the plots, corresponding to the lateral EC
velocity, are ~14 and ~4 m/s, respectively. According to our previous work, the former
indicates the emergence of LPE-based EC which forms several tens of pm-long large
grains [11], while the latter corresponds to the emergence of EC leaving behind SPN
fine grains and 1-pm-spacing microscopic periodic structures [6]. We have so far
reported that LPE-based EC tends to occur when EB-evaporated a-Si films are used as
precursor a-Si films [11]. However, in the case of much thicker EB-evaporated a-Si

films, slow EC becomes dominant. Figure 10 shows the cross-sectional TEM image of



a 10-um-thick FLC poly-Si film formed from an EB-evaporated a-Si film. Particular
periodic structures, whose spacing is approximately 1 pum, are clearly seen inside the
poly-Si. The entire microstructure is quite similar to those of FLC poly-Si films
formed from Cat-CVD and sputtered a-Si films [6,14], and thus, similar EC is likely to
occur in a 10-um-thick EB-evaporated poly-Si film. The formation of the periodic
structures results from the alternative emergence of a LPE-dominant region and a
SPN-dominant region [6]. It should be noted that there is no remarkable morphology
change on the surface of a FLC poly-Si film formed from an EB-evaporated a-Si film,
unlike the cases of using Cat-CVD or sputtered precursor films. This is probably
related to film stress which precursor a-Si films originally have. Cat-CVD and
sputtered films used in this study have a large compressive stress. In the present EC
mode, part of Si is melted during the EC [6], and the melted Si is pushed up by
receiving the compressive stress. On the other hand, EB-evaporated a-Si films have
tensile stress [9,15], and the formation of roughened structures is suppressed even
through the partial melting process. We should mention again here that the emergence
of different types of EC can be clearly observed by the multi-pulse method.

Finally, we discuss the reason of the emergence of the different types of EC. We
have so far already observed two types of EC, and clarified that LPE-based EC occurs
when EB-evaporated precursor a-Si films are used [6,9,11]. We considered that its
possible reason may be related to film stress [11]. However, 10-pm-thick
EB-evaporated a-Si films show the EC similar to that of Cat-CVD and sputtered films,
in spite of deposition conditions exactly same as a-Si films with a thickness of 3.5 um.
We have also confirmed that 4.5-um-thick Cat-CVD a-Si films with a large (~200 MPa)

tensile stress, formed by tuning deposition conditions, show ECs similar to the case of



compressively-stressed a-Si films [16]. These facts indicate that the stress of a-Si
films is not a dominant factor to determine the EC mode. To discuss the ECs, we
should consider two a-Si temperatures: 1) a temperature of ignition point (Tig) and 2) a
temperature of surrounding a-Si (Ts,). EC is thought to be ignited at a particular,
almost constant Tig. It is readily considered that LPE-based EC tends to occur at
higher T, because a thin liquid Si layer between a-Si and c-Si exists stably during the
EC, while the other SPN-involved EC occurs at lower Ty, since the liquid Si region
iteratively appears and disappears. We can thus expect that the Ty, in the case of
LPE-based EC is much higher than Ty, for SPN-involved EC at the moment of the
ignition. When we compare the cases of 3.5-um-thick and 10-pum-thick
EB-evaporated a-Si films, lower Ty is realized in 10-um-thick films at the instant of
EC ignition. This is probably because of higher possibility of additional local heating
in thicker a-Si films.  Thicker a-Si films can receive more light on their film edges due
to the existence of angled flash lamp light irradiation [6], at which EC is ignited more
easily. Moreover, void-like structures in a-Si films can also be a cause of local heating,
because downward thermal diffusion is suppressed by them. Thicker films can contain
more void-like structures per unit area than thinner films, and are thus more favorable to
ignite EC at lower temperature. It should also be mention that EC in EB-evaporated
a-Si films tends to be ignited at higher Ty, than the other films, since LPE-based EC is
not observed in Cat-CVD or sputtered films with a thickness of less than 3.5 um [5,13].
This may be related to the presence or absence of gas component in precursor a-Si films.
Sputtered and Cat-CVD a-Si films contain a large amount of Ar and H, respectively
[7,13]. These gas components can accumulate locally and form void-like structures,

which leads to the suppression of vertical thermal diffusion and the enhancement of the



ignition of EC. On the contrary, EB-evaporated a-Si films are deposited under low
pressure, and much fewer gas impurities are captured. The ignition of EC thus tends to
occur at higher Ty, resulting in the emergence of LPE-based EC. Another important
fact is that the EC modes are independent of flash pulse fluence, as far as we have
attempted in a series of experiments. One may consider that the SPN-involved EC can
shift to LPE-based EC under higher flash fluence. The unchanged EC mode is
probably because EC occurs not after but in the middle of millisecond pulse irradiation.
EC is ignited when Tig reaches at a certain value. Thus, the irradiation of flash pulse
with higher fluence just results in the earlier ignition of EC but not leads to the

emergence of LPE-based EC.

4, Summary

Multi-pulse FLA, which emits a quasi-millisecond pulse light consisting of discrete
sub-pulses, can be utilized to easily estimate lateral EC velocity without using any
complicated in-situ measurement systems. Thermal simulation reveals that periodic
temperature modulation is given to a-Si films by the irradiation of multi-pulse. Two
kinds of ECs, whose EC velocities are 4 and 14 m/s, respectively, are observed
depending on the thickness and deposition method of precursor a-Si films. The
SPN-dominant EC leaving behind periodic microstructures can take place also in EB
evaporated a-Si films when they are sufficiently thick. The emergence of different
types of ECs can be understood as the ease of the ignition of EC depending on film

thickness and gas components.
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Figure captions

Fig. 1 Sample structure and heating model for the thermal simulation. Irradiance of

sub-pulses is 1.6 kW/cm?, and the fluence of the quasi-5-ms pulse is 6.4 J/cm?.

Fig. 2 FLA equipment used in this study. The lamp house can be moved from a
detector position to a process chamber, and the fluence of a quasi-ms-pulse can be

measured immediately before the flash irradiation to a sample.

Fig. 3 Photograph of a Xe lamp. A trigger electrode is wound around the Xe lamp.
An impedance of Xe gas can be temporarily reduced by applying voltage to the trigger

electrode.

Fig. 4 Photographs of pulse light seen between the lamp house and the process

chamber at the moments of turning on and off the trigger voltage.
Fig. 5 Thermal simulation result of an a-Si/glass structure for heating by 4-kHz
multi-pulse irradiation. Vertical and horizontal axes indicate depth and elapsed time,

respectively. Temperature is indicated by color.

Fig. 6 Time-dependent temperature variations of the a-Si/glass structure at Si surface,

Si bottom (glass surface), and glass bottom, respectively.
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Fig. 7 Photograph of a FLC poly-Si film formed from a sputtered a-Si film and its

surface microscopic images at different points.

Fig. 8 Surface photographs of FLC poly-Si films formed from (a) 10-pum-thick and (b)

3.5-um-thick EB-evaporated a-Si films, respectively. Arrows indicate the widths of

macroscopic stripe patterns formed by the multi-pulse irradiation.

Fig. 9 Average width of macroscopic stripe patterns formed on FLC poly-Si films as a

function of the inverse of sub-pulse emission frequency.

Fig. 10 Cross-sectional TEM image of a FLC poly-Si film formed from a 10-um-thick

EB-evaporated a-Si film.
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