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Abstract: Selected area laser-crystallized polycrystalline silicon (p-Si) thin films were prepared by the third har-
monics (355 nm wavelength) generated by a solid-state pulsed Nd:YAG laser. Surface morphologies of 400 nm
thick films after laser irradiation were analyzed. Raman spectra show that film crystallinity is improved with in-
crease of laser energy. The optimum laser energy density is sensitive to the film thickness. The laser energy density
for efficiently crystallizing amorphous silicon films is between 440–634 mJ/cm2 for 300 nm thick films and be-
tween 777–993 mJ/cm2 for 400 nm thick films. The optimized laser energy density is 634, 975 and 1571 mJ/cm2

for 300, 400 and 500 nm thick films, respectively.
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1. Introduction

Polycrystalline silicon (p-Si) thin film solar cells are one of
the technologies that are most likely to replace traditional bulk
silicon solar cells, because they possess advantages of both sil-
icon solar cells (high efficiency, long life, stable performance,
using rich and non-toxic raw materials, etc.) and thin film so-
lar cells (less material consumption, low cost). Over the past
decade, photovoltaic specialists all over the world have done
a lot of research work on this subjectŒ1�11�. The laser anneal-
ing technique can be used to induce crystallization of amor-
phous silicon (a-Si) film to produce p-Si film on low-cost sub-
strates and has become a subject of intense research. Silicon
has strong absorption of the shorter wavelengths, such as ul-
traviolet light and shorter-wavelength visible light. Excimer
lasers with ultraviolet wavelengths are widely usedŒ12�15� to
crystalize a-Si and fabricate low-temperature p-Si for the thin-
film transistors (TFTs). P-Si with several micrometers grains
can be obtained using technique of excimer laser recrystal-
lization and masks. However, it has limitations such as high
maintenance and operation cost. So solid state lasers, such as
Nd:YAG pulsed nanosecond lasers with 532 nmŒ16�21� and
1064 nmŒ22�24� have been tried to crystallize a-Si films and
preparemicrocrystalline silicon. An alternative approach of us-
ing a Nd:YAG pulsed laser with 355 nm can be considered be-
cause the laser emission wavelength in ultraviolet band is sim-
ilar to that of excimer lasers and silicon has high absorption
coefficient in ultraviolet region. Palani et al . used Nd:YAG
pulsed nanosecond laser with 355 nm to anneal 400 nm a-Si
and got microcrystalline siliconŒ25�.

In this paper, the third harmonics (355 nm wavelength)
generated by a solid-state Nd:YAG pulsed picosecond laser

without a mask was used to prepare a selected area laser-
crystallized p-Si layer with thickness near 300, 400 and
500 nm. Different laser irradiation conditions have been per-
formed to crystallize the a-Si films prepared by magnetron
sputtering on glass substrates and the process parameters have
been optimized.

2. Experiment

300 nm, 400 nm and 500 nm thick amorphous silicon (a-
Si) thin films were deposited on the clean glass substrates by
a high-vacuum medium frequency magnetron sputtering sys-
tem. Silicon with purity of 99.9999% was used as the target
and high purity Ar gas as the sputtering gas. The background
vacuum of the chamber was about 1 � 10�4 Pa and the sub-
strate temperature during sputtering was 200 ıC.

A 355 nm wavelength laser produced by EKSPLA pulsed
Nd:YAG solid-state laser system was used to crystallize a-Si
films. The pulse width of the laser is 25 ps and the frequency
is 10 Hz. The minimum and maximum energy of a single laser
pulse is about 15 �J and 4.9 mJ, respectively. The laser beam
intensity profile was Gaussian with a beam diameter of 6 mm.
A diagram of the experimental equipment is shown in Fig. 1.
After beam shaping and mirror reflection, the laser passed
through a mask with 3 mm diameter round hole and was focal-
ized by one convex with focal length of 50 mm, and projected
onto the a-Si thin film sample. The sample was placed on a xy-
axis translation stage, with one-dimensional motion (y direc-
tion) controlled by a programmable controller which can regu-
late the movement speed and distance of the stage accurately.
The speed can be changed from 0 to 10 mm/s and the move-
ment distance is in the range of 0–100 mm with the minimum
step size 0.3�mand resolution 0.1�m. The x directionmotion
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Fig. 1. Diagram of laser-crystallization system.

of the stage is controlled manually, and the movement resolu-
tion is 1 �m. By controlling y direction movement speed of
the stage on which the sample is fixed, laser scanning speed on
the sample can be changed. By adjusting the x direction move-
ment of the stage, the distance between two neighbor columns
of laser-crystallized regions on a sample can be adjusted. The
experiments were performed at room temperature in air.

A Leica DM2500M microscope and a JSM-6330F scan-
ning electron microscope (SEM) were used to investigate mor-
phology of laser-crystallized a-Si films. A Renishaw laser
micro-Raman spectrometer (excitation wavelength 514.5 nm,
spectral resolution: 1 cm�1/ was used to examine crystallinity
of films.

3. Results and discussion

Laser energy density has strong impact on the crystallinity
of thin films. When laser energy density is low, a-Si thin films
can absorb the laser energy completely. With the increase of
laser energy density, much more laser energy is absorbed by
the a-Si thin films. When laser energy density reaches a thresh-
old value, the irradiated region starts to melt. With a further in-
crease of laser energy density to an optimum value, the whole
irradiated area can be exactly melted, forming high quality re-
crystallized p-Si thin films.

The a-Si thin film without laser irradiation possesses a
smooth surface, but the laser recrystallized region has a rough
surface. Films on the edge of the crystallization were partially
melted, which form the transition zone between a-Si and p-
Si film. Figure 2 gives plane-view SEM images of 400 nm
thick a-Si films after laser crystallization and being chemically
etched in Sirtl solution ((HF : 5MCrO3/ : 10VH2O) for 10 s
at 25 ıC. No change was observed in the irradiated a-Si film
by SEM even using a magnification of 50000 when laser en-
ergy density is below 429 mJ/cm2, which indicates that a-Si
film cannot be melted by absorbed laser energy. Some grains
appear in the irradiated film surface with laser energy density
near 429 mJ/cm2 (Fig. 2(a)). Grains increased and a-Si islands
diminished gradually with the increase of laser energy den-
sity. When laser energy density reached 777 mJ/cm2, the 400
nm a-Si film was melted completely and grains with different
sizes were observed in the irradiated film surface (Fig. 2(b)),
which shows good crystallinity in the following Raman spectra
measurement. Figure 3(b) shows the grain size distribution of
400 nm thick films in Fig. 2(b). It can be seen that 55–75 nm

Fig. 2. Surface morphologies of 400 nm thick films after laser crys-
tallization with different laser energy densities. (a) 429 mJ/cm2. (b)
777 mJ/cm2. (c) 993 mJ/cm2.

grains possess 52% of all grains. Agglomeration was observed
with laser energy density near 993 mJ/cm2 (Fig. 2(c)), which
might be due to the boiling of molten Si and results in damage
to the crystallized film.

3.1. Surface morphology

Figure 3(a) shows the grain size distribution of 300 nm
films after laser crystallization with laser energy density near
634 mJ/cm2. We can see that grains in the region of 65–95 nm
in size account for 68%. Grains in 300 nm laser-crystallized
films are larger than those in 400 nm laser-crystallized films.
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Fig. 3. Grain size distribution of 300 nm and 400 nm thick films after
laser crystallization. (a) 300 nm. (b) 400 nm.

Fig. 4. Raman spectra of the 300 nm a-Si film before and after laser
crystallization.

3.2. Analysis of Raman spectra

Raman spectroscopy is quite suitable for distinguishing
crystalline silicon (c-Si) phase from a-Si thin films. So the
Raman spectra of the films were measured to study the ef-
fect of laser energy density on the film crystallinity. Figure
4 shows the Raman spectra of 300 nm a-Si film before and
after laser irradiation (634 mJ/cm2/. Before laser crystalliza-
tion, the Raman spectrum shows three characteristic peaks of
a-Si thin films, which are 320, 425, 481 cm�1, respectively.
The broad peak near 481 cm�1, which is characteristic of the
transverse optic (TO) mode of the a-Si phaseŒ26�. The weak
peak near 320 cm�1 corresponds to the position of the longi-
tudinal acoustical (LA) phonon of the scattering peakŒ27�. The

Fig. 5. Raman spectra of the 300 nm a-Si films crystallized by using
different energy densities of laser.

peak near 425 cm�1 corresponds to the position of the longitu-
dinal optic (LO) phonon peak of the a-Si phaseŒ28�. After laser
crystallization, the Raman spectrum demonstrates a narrow and
sharp peak near 520 cm�1, which corresponds to the TO mode
of c-SiŒ26�29�, indicating that c-Si appears after laser irradia-
tion.

Figure 5 shows Raman spectra of several 300 nm films ir-
radiated by laser with different energy densities. When laser
energy density is near 100 mJ/cm2, the Raman spectrum ex-
hibits a narrow peak at 520 cm�1 and a broad peak centred
at 480 cm�1, indicating that the film is composed of both a-
Si and c-Si. With laser energy density increasing, the inten-
sity of the peak near 480 cm�1 decreases, while the intensity
of the peak near 520 cm�1 increases, which indicates that the
film crystallinity improves. When laser energy density reaches
440 mJ/cm2, the Raman spectrum exhibits a narrow peak at
520 cm�1, which suggests that the film has been completely
crystallized. However, the peak shows asymmetry and has a
shoulder towards a lower wave number. This shoulder may
come from the defective part of the crystalline phaseŒ26�. With
further increase of laser energy density, the peak near 520 cm�1

becomesmuch narrower and sharper, which reconfirms that the
film crystallinity would improve with increase of laser energy
density.

400 nm and 500 nm a-Si films were also crystallized by
using different energy densities of laser and scanning speed of
10 mm/s. Figure 6 shows several typical Raman spectra of the
400 nm and 500 nm laser crystallized a-Si films. It can be seen
from Fig. 6 that the a-Si films were just partially crystallized
when laser energy density is 177 mJ/cm2 for the 400 nm a-Si
films and 236 mJ/cm2 for the 500 nm a-Si films. With laser en-
ergy density increasing, the film crystallinity improves. For in-
stance, an enhancement in the crystallinity of a-Si films of both
500 nm and 400 nm thicknesses were observed by utilizing a
laser energy density of 1571 mJ/cm2 and 975 mJ/cm2, respec-
tively. However, the peak shows asymmetry and has a shoulder
towards lower wave number. It is well known that small grains
and regions with high defect densities in p-Si films can result
in asymmetry and expansion of the Raman spectrum due to
phonon scattering from themicrocrystalline boundariesŒ30�32�.
Thus, this shoulder may result from the defective part of the
crystalline phase or crystallites. Further increase of laser en-
ergy densities to 993 mJ/cm2 and 2208 mJ/cm2 for a 400 nm
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Fig. 6. Raman spectra of (a) the 400 nm and (b) the 500 nm films
crystallized by using different energy densities of laser.

and 500 nm a-Si films, respectively, resulted in a degradation
of the crystalline quality of the thin films.

It can be concluded from above discussion on the Raman
spectra that the larger laser energy density is necessary to crys-
tallize the thicker a-Si films. The optimum laser energy den-
sity is also different for the a-Si films with different thick-
nesses. a-Si films with 300, 400, 500 nm thickness possess bet-
ter crystallinity when laser energy density is at 634 mJ/cm2,
975 mJ/cm2 and 1571 mJ/cm2, respectively. The crystalline
quality of the a-Si film decreases when the laser energy density
is above the optimum value. Moreover, the crystalline quality
of 300 nm a-Si films crystallized by laser is much better than
those obtained on 400 nm and 500 nm a-Si films.

4. Conclusion

The influence of the energy density of a 355 nm laser gen-
erated by a solid-state Nd:YAG pulsed picosecond laser on the
crystallization of a-Si films sputtered on glass substrates has
been experimentally investigated. It was found that different
laser energies are needed for crystallizing different thicknesses
of a-Si films. The laser energy density for efficiently crystal-
lizing a-Si films is between 440–634 mJ/cm2 for 300 nm films
and between 777–993mJ/cm2 for 400 nm films. Raman spectra
show that a-Si films with 300, 400, 500 nm thickness possess
better crystallinity when the laser energy density is at 634, 975
and 1571 mJ/cm2, respectively. By adjusting the x and y di-
rection movement of the xy-axis translation stage, the selected
area laser-crystallized silicon thin films with different patterns

of crystallized regions can be fabricated. In a word, 355 nm
laser output by picosecond Nd:YAG laser system is suitable
for preparing the selected area crystallized p-Si layers. How-
ever, grains in the laser-crystallized films are small for p-Si thin
film solar cells and the technique will be further optimized to
achieve sequential lateral growth and fabricate p-Si with larger
grains with the aid of an optical mask.
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