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Crystallization of amorphous silicon film induced
by a near-infrared femtosecond laser
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Abstract : 1kHz femtosecond laser was used to induce crystallization on amorphous Si film. Raman spectra show that the

crystallization region depended critically on the laser fluence and profile. Furthermore, a textured surface with a mass of

fine-grained crystalline Si was observed through SEM. This structure might result from the explosive crystallization and epi-

taxial growth of Si nucleation on the interface of liquid-solid Si. Due to the simultaneous process of crystallization and sur-

face texturing, this laser treated region enhanced its absorbance in the visible and infrared band.
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Introduction

Recently femtosecond laser-induced space-selec-
tive microstructure changes or crystallization in materi-
als have attracted much attention because laser fabrica-
tion is a one-step technique compared with the conven-

tional photolithography methods''?’.

In the previous
studies, the nonlinear optics crystals have been in-
duced in glass using 250kHz femtosecond laser, which
could be due to the heat accumulation effect**'. The
crystallization characteristics of some film materials,
e. g. , amorphous silicon (a-Si) and GeSb, during the

1 kHz femtosecond laser irradiation process have also
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! Howev-

been intensively studied in past decades'
er, for either 1 kHz or 250kHz, the mechanisms of
femtosecond laser-induced crystallization are still not
fully understood up to date. Especially for the a-Si
film, the spatially selective crystallization using femto-
second laser irradiation could construct a poly-silicon
matrix on a flexible substrate. Thus it has potential ap-
plication in fabrication of thin film transistors ( TFTs)
and solar cell matrix (SCM)''. Therefore, the re-
search on femtosecond laser-induced crystallization of
a-Si film will greatly promote development of this tech-

nique. In this paper, we explored femtosecond laser-

induced crystallization process on a-Si film using a
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800nm near-infrared femtosecond laser. Micro-Raman
spectroscopy showed that the size of crystallization re-
gion depended highly on the laser fluence and profile.
In addition, there exhibited a kind of textured micro-
structure on the irradiated surface, and thus two amor-
phous and microcrystalline phases of this composite
structure could result in the enhancement of its optical
absorption in the visible and infrared band. We suggest
that this technique could be applied for fabrication of

the solar energy cell or sensor.
1 Experimental

The sample used in this study was a thin layer of
a-Si deposited onto a SiO, glass substrate by PECVD
technique. The thickness of the a-Si layer was 100nm.
A regenerative amplified Ti; Sapphire mode-locked
pulse laser ( Spitfire, Spectra-Physics Co. ) emits a
train pulse of 1kHz, 120fs and 800nm. A Gaussian
profile laser beam was guided onto the film by a 20 x
objective lens (N. A. =0.3), and the size of the fo-
cused point was about 10um in the focal point. With
the help of an XYZ stage, we could select the irradia-
ted region by moving the laser focal point. A computer-
controlled electronic shutter was inserted into the opti-
cal path in order to determine the laser pulse number
irradiated on the samples. The average power of inci-
dent laser could be controlled by adjusting a neutral
density filter. Micro-Raman spectroscopy ( Renishaw
Invia) with 785nm light excitation and SEM ( JSM-
6700F) were carried out on the laser treated/untreated
surfaces to study the crystallization process induced by
the femtosecond laser irradiation. The optical absorp-
tions of the sample before and after femtosecond laser
irradiation were measured using a Jasco V-570 spectro-

photometer at room temperature.
2 Results and discussion

Figure 1 shows the morphology evolution of the ir-
radiated surface after 1, 10, 100, 1000 and 5000 pul-
ses, which mean that the shutter’ s opening times were
1 ms, 10 ms, 100 ms, 1 s and 5 s respectively. The
energy of the incident pulse was about 1J. In this im-
age, after a single pulse irradiation, the center in the

irradiated surface changed to black from ruby, and the

diameter of the irradiated surface was about 10um,
which was approximate to the laser focal size. Mean-
while, as a result of femtosecond laser-induced plasma
micro-explosion, some structure deformation or defects
due to the non-thermal shock appeared in the laser-af-
fected zone. In figure 1, a gray circle with some rip-
ples occurred in the outskirt of the black region, which
mostly resulted from the induced lattice distortion and
non-thermal phase transition of a-Si film. With the
number of the incident pulse increasing, the black re-
gion gradually shrank due to the repeated laser abla-
tion, and the laser-affected zone diffused to the neigh-
bour region. After thousands of pulses, the a-Si film in
the focal center became less and less to the extent that
the glass substrate was uncovered. These phenomena
indicated that a small quantity of femtosecond laser
pulses might induce the structural changes in the a-Si
film, but the film would be destroyed if the laser flu-
ence exceeded its ablation threshold.

In order to study the black region on a-Si film, a
micro-Raman spectroscopy was used to examine the ir-
radiated surface. Firstly, as shown in figure 2 (a), a
black region was induced by a single femtosecond laser
with 1) on a-Si film, and the corresponding Raman
curve was displayed in figure 2 (b). Meanwhile, the
Raman spectra of the a-Si film and the single crystal Si
were also displayed in figure 2(b) for comparison. As
we know, a peak at 520cm ™' is associated with the
transverse optic phonon mode of single crystal Si, and
the peak at around 480cm ~' is associated with the a-Si

197 According to these spectra, the black region

phase
in the focused center had partially changed to micro-
crystalline silicon due to the obvious Raman peak at

517cm ™", but the neighbour zone without irradiation

1 pulse

10 pulses 100 pulses 1000 pulses 5000 pulses
Fig.1 The image of the irradiated surfaces after 1, 10, 100,
1000, 5000 pulses respectively. The white bars in the image de-
note 10pm
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still remained a-Si phase. Therefore, these results in-
dicated that the amorphous phase could transform to the
crystalline phase after femtosecond laser irradiation.
Furthermore, a Raman mapping was employed to ana-
lyze the femtosecond laser-induced microcrystalline sil-
icon distribution around the focal point. In figure 2
(¢), the Raman intensity of the peak at 517cm ™" was
selected to construct a contour map. It showed that the
Raman intensity gradually weakened from the center to
the outsides. This map is similar to a Gaussian laser
intensity distribution. Moreover, it is believable that
the 517¢cm ™" Raman peak represents the induced mi-
crocrystalline Si. Therefore, the crystallization distri-
bution was highly associated with the laser profile and

fluence. Otherwise, the a-Si crystallization rate X can

1
be calculated by the equation'"" ; X, = ] _; 7 where

c a

I, is integrated crystalline intensity of the area under
the 520cm ™" peak and I, is the integrated amorphous
intensity of the area under 480cm ~'. After calculation,
the crystallization rate X, in the center is about 26.
7% . This result is acceptable taking into account the
coexistence state of two-phase a-Si and pc-Si.

We also used SEM to observe the femtosecond la-
ser induced black region. The images in figure 3(a) ,
corresponding to the laser fluence of 127mJ/em’®, show
some significant structure changes in the black region.
From the figure 3 (b), the irradiated surface became
obviously roughened and some textured nanostructures
occurred. This situation possibly resulted from the
thermal melting and resolidification of the a-Si film.
Followed by this assumption, after femtosecond laser
irradiation, electron-hole plasma would rapidly
quench, and a liquid phase floated and propagated on
the surface layer. Due to the heat loss via rapid diffu-
sion, a textured structure formed during the subsequent
solidification process. Besides, we also found many
particles with the size of nanometer-scale adsorbed on
the spikes in figure3 (¢). According to the so-called

21 we speculate

explosive crystallization mechanism
that these particles should be the polyerystalline Si be-
cause the nucleation takes place most likely near the
interface of liquid-solid Si from an undercooled liquid

Si layer. However, the portion of the polycrystalline Si
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Fig.2 (a) An image of the femtosecond laser irradiated sur-
face (b)the Raman spectra of the black region (A) and the a-

Si film (B) (¢)a mapping picture of the Raman intensity with

1

peak at 517 cm ™ . The color column represents the magnitude

of Raman intensity. The white bars in the image (a) denote
10pm
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is so few that it can not satisfactorily explain the cur-
rent crystallization rate (more than 20percent). There-
fore, we think that the melted crystallization might be
another possible crystallization mechanism in this in-
stance. It means some fine-grained crystalline Si might
grow up in the nucleation sites and then continue their
epitaxial growth on thermal melting layer.

Since the crystallization region on the a-Si film be-
came black after femtosecond laser irradiation, we
studied its optical absorption changes using a spectro-
photometer. Here we used femtosecond laser to directly
write a 3 x 3mm” crystallization region, as shown as the
inset in figure 4. Although the irradiated surface was
not so uniform, the black area still accounted for nearly
80% of the entire scanning region. Figure 4 shows the
absorbance difference of the a-Si film before and after
femtosecond laser irradiation. It is obvious that the
laser treated region could significantly enhance the

absorption in visible and infrared band. Compared with
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Fig.3 SEM images of crystallization of a 100nm thick a-Si
film irradiated by a single femtosecond laser pulse at fluence of
127m]/em’. (a) The whole irradiated region; (b) x5 000;
(¢) x20 000
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the as-grown a-Si film, the textured surface could read-
ily trapped the incident light into these irregular cavi-
ties where the light energy was gradually absorbed and
dissipated through multiple reflection. Hence, this
femtosecond laser induced crystallization process along
with the surface texturing could enhance light absorp-
tion of a-Si film. This technique can be applied in

fabrication of thin film transistors and improving the

absorption efficiency of solar cell.
3 Conclusion

A space-selective crystallization on amorphous sil-
icon film was achieved by controlling an 800nm near
infrared femtosecond laser. Raman spectra indicated
that a phase transition from a-Si to microcrystalline Si
was conducted in the focused region, and the size of
crystallization region depended highly on the laser
influence and profile. By SEM observation, we found
that a mass of fine-grained crystalline Si appeared on
the textured surface. They could have been resulted

from the epitaxial growth of Si nucleation on the inter-

after

Absorbance/a.u
[\S] t,

before

G T T T T T T T T T
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength/nm

Fig.4  Absorbance of a-Si film before and after femtosecond
laser irradiation. The inset is the optical image of a-Si film.
The green bar denotes 50pm
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face of liquid-solid Si. Further, the absorption spectra
showed that this kind of crystallization structure might
enhance its absorbance in the visible and infrared
band. Because of the simultaneous process of crystalli-
zation and surface texturing, we suggest that this tech-
nique could be applied for fabrication of TFT, solar

energy cell or sensor.
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3 Conclusion

CIGS thin films have been successfully prepared
by a two-step process with solid Se powder instead of
toxic H,Se gas onto Mo-coated soda lime glass, SLG
and SiO, substrates. It has been found that the sputte-
ring power and substrates have a significant effect on
the microstructure, surface morphology, composition,
and optical performance of CIGS films. The XRD and
EDS data indicate that each film has a single chalcopy-
rite structure, and the gallium concentration in the film
increases with the increased sputtering power of precur-
sors. The SEM pictures show that the film sputtered at
50W onto the SLG/Mo substrate exhibits a more uni-
form and dense surface and larger size columnar
grains. The band gaps for samples obtained at the sput-
tering power of SOW, 60W and 70W were estimated to
be 1.21, 1.23 and 1.24 eV, respectively. The fabri-
cated CIGS films may be suitable for the application in

the environmental friendly thin film solar cell.
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