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Observation of Laser-Induced Melting of Silicon Film Followed
by Amorphization
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Transient conductance measurements were used to study laser-induced amorphization of polycrystalline silicon (poly-
Si) film. A 20 nm-thick phosphorus-doped poly-Si film fabricated on a quartz substrate was melted by irradiation with a
30 ns-pulsed XeCl excimer laser. When the melt duration exceeded 70 ns, the silcon film was completely amorphized
through rapid solidification. Formation of the amorphous thin film may be brought about by homogeneous solidifica-

tion without crystalline nucleation.
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§1. Introduction

Pulsed laser-induced melt-regrowth has been studied
by many researchers to clarify phenomena such as the
crystallization of amorphous silicon and the amorphiza-
tion of crystalline silicon.'”® Surface amorphization of
silicon has been achieved using short laser pulses (<10
ns), in particular with a short wavelength (UV-VIS),
because rapid solidification with a large regrowth veloc-
ity of >15m/s is required.*® Surface amorphization is
initiated with a laser energy density just above the
melting threshold. The molten silicon layer, however,
returns to the crystalline state with a laser energy density
greater than the amorphizing threshold because the
regrowth velocity decreases.”

On the other hand, we have reported that a thin
polycrystalline silicon (poly-Si) film fabricated on a
quartz substrate was amorphized by irradiation using a
XeCl excimer laser with a long pulse of 30 ns (FWHM).”
Nondoped and phosphorus-doped poly-Si films were
completely amorphized with a laser energy density much
larger than the melting threshold. The molten silicon
returned to the crystalline state with laser energy densities
below the amorphizing threshold. The mechanism of the
complete amorphization of the silicon films, however, is
not yet clear.

This work reports the investigation on the melt-
regrowth characteristics of a poly-Si film using a tran-
sient conductance technique in order to study the
mechanism of the amorphization of silicon films.

§2. Transient Conductance Measurements

Figure 1 shows a schematic diagram of the apparatus
used for transient conductance measurements. A 20 nm-
thick phosphorus-doped hydrogenated amorphous
silicon (a-Si:H, P) film was deposited on a quartz
substrate at 250°C wusing a radio-frequency glow
discharge (rf-GD). Then, 50 SCCM SiH, (10%)/Ar and
10 SCCM PH; (1%)/Ar mixed with 50 SCCM H, gas
was decomposed. The a-Si:H, P film was patterned into
1 mm-wide stripes and aluminium electrodes with a gap
of 1 mm and width of 3 mm were formed on the stripes.

laser-induced amorphization, laser-induced crystallization

The sample was then connected to a load resistance of
50ohms and a bias voltage was applied. Irradiation was
provided by a 30 ns-pulsed XeCl excimer laser (A =308
nm) in air at room temperature. The sample was ir-
radiated with a laser beam whose spot size was focused
through a lens to 5 mm X 10 mm. The transient current
during and after irradiation was measured across the
load resistance by a high-speed storage oscilloscope. The
melting threshold energy (=130mlJ/cm?) was deter-
mined by time-resolved optical reflectivity measurements
using an Ar-514.5 nm laser beam as a probe light.'?

Laser-induced amorphization and crystallization were
distinguished by the conductance of the sample after
solidification because the conductance for phosphorus-
doped (P-doped) laser amorphous silicon (~107' S/cm)
is much smaller than that for P-doped poly-Si (~10°
S/cm).” Amorphization and crystallization could also be
observed visually because the 20 nm-thick amorphous
silicon film is dark brown while the poly-Si film is
yellowish brown.
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Fig. 1. Schematic diagram of measurement apparatus for transient
conductance and time-resolved optical reflectivity.
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Results and Discussion

§3.

Figure 2 shows the evolution of transient conductance
during and after irradiation with 5 pulses. The a-Si:H, P
film was melted and crystallized by irradiation with the
first pulse at an energy density of 215 mJ/cm?. The con-
ductance associated with molten silicon appeared first. It
increased to 0.008 S/ 0 and then gradually decreased, as
shown in curve A of Fig. 2(a). After the termination of
the melt, there was a large residual conductance in the P-
doped Si film. The conductivity was 1.7x10*S/cm at
room temperature after the irradiation, although the con-
ductivity of the as-deposited a-Si:H, P film was 1x107?
S/cm. The increase of conductivity with irradiation was
brought about by an increase in carrier mobility and ac-
tivation ratio.!” The sample was also melted and
recrystallized by irradiation with a second pulse at an
energy density of 235 mJ/cm?. The conductance in the
molten region was larger than that brought about by ir-
radiation with the first pulse, as is shown in curve B of
Fig. 2(a). This shows that the sample was melted deeper
by the irradiation. Transmission electron micrography
and optical reflectivity measurements have revealed that
the silicon film is completely crystallized by irradiation at
both energies,'>!? although the film was not completely
melted. Lowndes et al. reported that amorphous silicon
below the molten layer is crystallized through the ex-
plosive propagation of a buried molten layer and a fine

Toshiyuki SAMESHIMA, Masaki HARA, Naoki SANO and Setsuo Usul

grain layer is formed.'¥ Although we guess that Lowndes
et al.’s exposive crystallization can be apply to the
crystallization of a-Si:H, the mechanism for the complete
crystallization of a-Si:H is not yet clear.

The sample was then melted by irradiation with a third
pulse at an energy density of 245 mJ/cm?®. The conduc-
tance in molten silicon rapidly increased and then rapidly
decreased at 85 ns after the initiation of melt from 75%
to 6% of the maximum conductance within 5 ns (=time
resolution), as is shown in Fig. 2(b). After solidification,
the conductance decreased below the noise level of
1x107° S/ 0. This decrease of conductance after solidifica-
tion means that the P-doped poly-Si film was completely
melted and completely amorphized. The conductance in
molten silicon changed gradually near the maximum con-
ductance, as can be seen in Fig. 2(b). This is probably
caused by the reduction of the melt depth near the edges
of the Al electrodes because of lateral heat diffusion. The
transition from amorphous to liquid to amorphous occur-
red with irradiation with a fourth pulse at 245 mJ/cm?.
The peak conductance in the molten region was smaller
than that caused by irradiation with the third pulse. This
is probably because of a pulse-to-pulse fluctuation in
laser energy of £5%. Rapid solidification occurred 70 ns
after the initiation of melt, as shown in Fig. 2(c). The
change in conductance of the molten silicon is similar to
the change in conductance caused by irradiation with the
third pulse, as can be seen in Fig. 2(b). The conductance
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Fig. 2. Conductance of 20 nm-thick P-doped silicon film as a function of time with irradiation with five pulses; energy density

was 215 mJ/cm? for curve A in (a), 235 mJ/cm? for curve

in (d).
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after solidification was still smaller than the noise level.
The sample was then recrystallized by the irradiation
with a fifth pulse at 235 mJ/cm?, as shown in Fig. 2(d).
The conductivity in the P-doped silicon film increased to
1.8 X 10° S/cm after solidification.

Transient conductance measurements revealed that the
molten silicon on the quartz substrate was rapidly
solidified and completely amorphized when the peak con-
ductance in molten silicon and the melt duration exceed-
ed 0.0013 S/ o and 70 ns at half-maximum of the conduc-
tance in molten silicon, respectively. Up to the
thresholds, molten silicon was gradually solidified and
crystallization occurred. We deduce that the laser-in-
duced amorphization occurs through homogeneous
solidification because the temperature could distribute
uniformly in molten silicon during a long melt duration.

The temperature gradient in molten silicon was simply
estimated using the unidimensional heat diffusion equa-
tion. It was assumed that the 20 nm-thick silicon film was
completely melted by irradiation with a pulse which has a
square shape with a width of 30 ns. The heat diffusion in
molten silicon with two boundaries—air/liquid
silicon/quartz—was analyzed by mean of the imaging
method.!® We used the values of thermal conductivity
and specific heat in molten silicon deduced by Wood and
Giles'® and those in quartz from a compilation of the
values of Goldsmith et al.'” The calculated temperature
gradient in molten silicon was 2.2x10°K/cm (~0.4
K/20 nm) at the interface between silicon and quartz
substrate at 70 ns after the initiation of melt when molten
silicon supercools to 1350K'® to form amorphous
silicon. Thus, the temperature was uniformly distributed
in the molten silicon layer at 70 ns after the initiation of
melt. This indicates that the supercooled molten silicon
can be solidified rapidly and homogeneously throughout
the film. Stiffler et al., however, reported that supercool-
ed molten silicon was not amorphized but crystallized
through homogeneous solidification when a 300 nm-
thick zone-melted recrystallized silicon film was melted
by a pulsed ruby laser.” The reason why the amorphiza-
tion occurs only in thin film is not clear at present.
Research on that mechanism is in progress.

Below the threshold melt duration of 70 ns, crystalliza-
tion of the silicon film occurs, probably through the inter-
face-controlled growth of molten silicon'® because there
can be a large temperature gradient in the molten region
when the melt duration is short.

§5. Conclusions

The characteristics of melt and regrowth on 20 nm-
thick phosphorus-doped silicon film deposited on the
quartz substrate were investigated. Molten silicon was
crystallized by irradiation with a 30 ns-pulsed XeCl ex-
cimer laser when the melt duration is up to 70 ns at half-
maximum of conductance in the molten region. Molten
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silicon was rapidly solidified and the film was amorphiz-
ed when the melt duration was above 70 ns. Complete
amorphization means that the silicon film was completely
melted. Because molten silicon has almost the same tem-
perature throughout the film thickness after 70 ns, the
thin molten layer on the quartz may be solidified
homogeneously without crystalline silicon nucleation.
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