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Pulsed-laser-induced Si nanostructures on Si substrates were investigated using third
harmonic Nd3+:yttrium aluminum garnet (355nm) laser irradiation under ambient
conditions. Nanostructures were found in the laser-irradiated areas as well as in their
surrounding areas. The laser-irradiated areas contained Si nanoparticles with an
average size of about 50 nm. In the vicinity of the laser-irradiated areas, uniform
nc-Si/SiOx core–shell structures were observed. Scanning electron microscopy images
indicate that the core–shell structures had an average size of 500 nm while Raman data
show that the Si cores were made of a large number of much smaller Si nanocrystals
(nc-Si). The photoluminescence (PL) measurement of nc-Si/SiOx core–shells exhibited
a broad visible emission centered at 640 nm, which can be assigned as due to defects
at the interface between nc-Si and SiOx as well as oxygen-related defects.

I. INTRODUCTION

Laser-induced periodic surface structures (LIPSS)
such as ripples, ridges, and cones resulting from laser-
material interaction have stimulated considerable efforts
in the area of laser microprocessing for microelectronics
applications.1–5 A variety of morphologies on a solid
surface have been extensively reported by adjusting the
laser fluence, wavelength, pulse duration, ambient gas
species, and processing pressure6–12 or with the aid of
prepatterned structure.5,13 The surface microstructure
and nanostructure of laser-induced Si, the semiconductor
industrial mainstay, have significant impact on the appli-
cation of miniaturized Si-based devices.14,15

Since the discovery of efficient visible photolumines-
cence (PL) from porous Si (PSi), nanocrystal Si (nc-Si)
and the nc-Si/SiOx system have been gaining widespread
interest due to their potential application as light-emitting
devices fully compatible with Si-based optoelectronic in-
tegrated circuits.16–21 Quantum confinement and oxygen
related defects have been proposed as the origins of in-
tense visible PL in these low-dimensional Si struc-

tures.22–28 However, the mechanism of the PL is still an
open question.

In this paper, we report the simultaneous formation of
Si nanostructures and nc-Si capped by SiOx core–shell
structures by using Nd3+:yttrium aluminum garnet
(YAG) third-harmonic generation (355 nm) laser irradia-
tion. It is noted that nc-Si/SiO2 system has its own im-
portance in the semiconductor industry because SiO2 sur-
face is a well-established material known to passivate Si
surfaces where the Si/SiO2 system is fully compatible
with Si technology.

II. EXPERIMENTAL

Si (100) oriented wafers were loaded onto the target
holder of a pulsed laser deposition (PLD) chamber after
ultrasonic cleaning in acetone and subsequent rinsing in
deionized water. A focused Nd3+:YAG laser with a fo-
cal spot of 1 mm in diameter was used as the light source
to impinge on the samples. The laser beam has a wave-
length of 355 nm, a laser fluence of 20 mJ/mm2, a pulse
duration of 30 ns, and a repetition rate of 10 Hz. The
experiments were carried out under ambient environ-
ment. Postannealing of the laser-treated samples was per-
formed in a tube furnace in air.

The sample morphologies after laser irradiation were
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studied by field emission scanning electron microscopy
(FE-SEM; JEOL, Tokyo, Japan, JSM-6700F). Energy
dispersive x-ray diffraction (EDX) was used to investi-
gate the composition variations before and after anneal-
ing. Raman spectroscopy (Witech, Germany, CRM200;
�laser � 532 nm) and photoluminescence spectroscopy
were performed to study the crystallinity, size distribu-
tion in nc-Si/SiOx system, and light-emitting properties.

III. RESULTS AND DISCUSSION

After Nd:YAG laser irradiation, Si nanoparticles were
produced at the laser-irradiated area, as shown in Fig.
1(a). The average size of the nanoparticles is about
50 nm. Figure 1(b) shows the scanning electron micro-
scope (SEM) image of Si nanoparticles after annealing at
900 °C for 2 h in air. Obviously, after the thermal treat-
ment, the nanoparticles grew bigger, to an average size of
80 nm. Typical ripple structures were observed in the
laser-irradiated areas at lower magnification SEM image.
After annealing, the Si nanoparticles in some areas of the
ripples disappear due to the aggregation of grown par-
ticles, as seen from Fig. 1(c). EDX measurement shows
a variation of atomic ratio between Si and O before and
after annealing. The content of O atomic percentage in-
creases from 7% to 50% after annealing, which indicates
the Si nanoparticle surface is oxidized and passivated by
a thin layer of SiOx (x < 2), while the particles grow in
size.

An interesting observation of the laser ablation is the
formation of much larger particles (about 500 nm) in the
vicinity of the laser-irradiated area, as seen from Fig.
2(a). These half-micron-sized particles are the result of
bombarded-out Si atoms from the laser-irradiated area
and are uniformly distributed on the Si substrate. The
inset in Fig. 2(a) is the high-magnification image. How-
ever, the SEM images after annealing shown in Fig. 2(b)
imply one particle in Fig. 2(a) may contain a large num-
ber of ultrafine particles as the cluster-like morphology
presents after annealing. To gain a better understanding
of such particles, Raman spectroscopic measurement
(� � 532 nm) was performed. Figure 3 shows the Raman
spectra before and after annealing. The Raman peak
of bulk-Si transverse optical (TO) mode is located at
520 cm−1 with full width at half-maximum (FWHM) of
7 cm−1. The half-micron-sized particles before annealing
shown in Fig. 2(a) present a red-shifted and asymmetric
Raman peak, which can be fitted by two Gaussian peaks
positioned at 495 cm−1 with FWHM of 34 cm−1 and
516 cm−1 with FWHM of 11 cm−1. According to Refs.
22, 24, 27, and 29, the broad low-energy band centered at
495 cm−1 results from a disordered Si structure while the
narrow high energy band centered at 516 cm−1 results
from Si nanocrystals of average size 4 nm. This result
indicates that the half-micron-sized particle is made up of

a large amount of nc-Si. After annealing, the nc-Si Ra-
man peak is shifted to 517 cm−1, and its FWHM becomes
narrower than that before annealing. This result suggests
the nc-Si grows bigger after annealing. Hence, annealing

FIG. 1. SEM images of laser-irradiated area: (a) before annealing Si
nanoparticles with average size of 50 nm, (b) after annealing Si nano-
particles with average size of 80 nm, and (c) after annealing, some Si
nanoparticles have disappeared at the laser-induced ripple structure.
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increases the thickness of the SiOx layer as well as the
average size of the nc-Si cores.

Figure 4 shows the room-temperature PL band of the
samples before and after annealing. The broad PL peak
centered at 640 nm was observed before annealing. The
PL spectrum has been reported to be very sensitive to the
surface chemistry of Si nanocrystals, the interface be-
tween nc-Si and SiOx, and oxygen-related defects.21,23,25

Because the experiments were carried out in ambient
environment, the bombarded-out Si particles may be oxi-
dized and form the nc-Si core capped with a thin layer of
substoichiometric SiOx structure. The exciton localized
at the interface between the core nc-Si and shell SiOx as
well as the oxygen vacancies are considered the main
sources of the observed emission in our samples. After
annealing, the PL peak is shifted from 640 nm (red) to
760 nm (infrared) and becomes 10 times stronger than
that before annealing (see Fig. 4). This may be due to the
larger size of the nc-Si core after annealing. As evi-
denced by EDX investigation, O content increases

after annealing, which means the change of nc-Si surface
property may also lead to the shift of the PL band.

IV. CONCLUSION

We have demonstrated the formation of Si nanostruc-
ture and nc-Si/SiOx core–shell structure using third har-
monic Nd3+:YAG (355 nm) laser irradiation under am-
bient conditions. The nanoparticles formed in the laser
irradiated area have an average size of 50 nm. After
annealing, the nanoparticles have grown bigger to an
average size of 80 nm. In the vicinity of the laser spot,
half-micron-sized particles were observed, consisting of
4-nm nc-Si/SiOx core–shell structures as evidenced by
Raman data. The PL measurements exhibited a broad
visible emission centered at 640 nm, which can be at-
tributed to the defect-related PL peak, i.e., the interface
between nc-Si and SiOx, as well as oxygen-related de-
fects.

FIG. 3. Raman spectra of the bombarded-out particles before and after
annealing.

FIG. 4. PL spectra of bombarded-out particles before and after an-
nealing.

FIG. 2. SEM images of bombarded-out Si particles in the vicinity of
laser-irradiated area: (a) before annealing and (b) after annealing. The
insets are the high magnification images.
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