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Silicon nanoparticles can be used for fabricating electrodes in high-performance lithium ion batteries and other
high value-added products. Currently, silicon nanoparticles are fabricated by pulsed laser irradiation of single-
crystal silicon wafers in water. In this study, we proposed silicon nanoparticle generation by using a nano-
second pulsed laser to irradiate waste silicon powder which is disposed from wire-saw slicing processes of silicon
ingots. The laser-induced nanoparticles were backward-transferred and deposited on a glass substrate. It was

found that the morphology and amount of the deposited nanoparticles was strongly dependent on the distance
between the glass substrate and the waste silicon powder target. Raman spectroscopy showed that the silicon
nanoparticles were crystalline, and the average size was ~10 nm. The obtained silicon nanoparticles had high
purity, as the diamond abrasives included in the waste silicon powder were removed through oxidation and
vaporization during laser irradiation.

1. Introduction

Silicon nanoparticles possess various unique and useful properties
such as high photoluminescence (PL), intermediate band, large surface
area, and biocompatibility, some of which are distinctly different from
single-crystal bulk silicon [1,2]. These characteristics make silicon
nanoparticles very useful in manufacturing of lithium-ion batteries,
solar cells, biomedical devices, and other high value-added products
[3-6]. For example, crack propagation in lithium-ion batteries during
lithiation and delithiation processes can be prevented by the use of an
anode made of silicon nanoparticles [7-11]. This crack propagation has
been a severe problem in a conventional anode of bulk or thin film sil-
icon [12].

One of the common methods to fabricate silicon nanoparticles is
chemical vapor deposition (CVD) [13], but it is difficult to fabricate
high-purity silicon nanoparticles since silicon nanoparticles react with
precursor gases during the chemical reaction. In addition to CVD,
femtosecond pulsed laser irradiation on a single-crystal silicon wafer
was applied to generate silicon nanoparticles with high purity and

uniform sizes [14,15]. However, femtosecond laser ablation of a silicon
wafer is expensive and very time-consuming.

In this study, we propose nanosecond pulsed laser irradiation of
waste silicon powder to generate high-purity silicon nanoparticles at low
cost. Currently, in the manufacturing process of single- or poly-crystal
silicon wafers for semiconductor devises and solar cells, silicon ingots
are sliced using a multi-wire saw. During the slicing process, a large
quantity of silicon sludge powder, the average size of which is in the
micrometer level, is produced and disposed of as an industrial waste
[16]. It is difficult to reuse these sludge powders for silicon ingot pro-
duction due to the impurities from diamond abrasive grains and chem-
ical agents in the slurry fluids. The objective of this study is to perform
nanosecond pulsed laser irradiation on the waste silicon powder to
generate silicon nanoparticles and at the same time to remove the im-
purities included in the silicon waste. If successful, the proposed method
is eco-friendly, less expensive and much faster than silicon nanoparticle
generation by femtosecond pulsed laser irradiation of silicon wafers.

In this study, nanosecond pulsed laser irradiation through a glass
substrate was attempted on the waste silicon powder target, and the
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generated nanoparticles were collected by the glass substrate based on
backward transfer. The distance between the glass substrate and the
target was varied and the change of particle size and morphology were
investigated. The crystallinity and size of the generated silicon nano-
particles were characterized by Raman spectroscopy and transmission
electron microscopy (TEM). In addition, the laser-induced changes of
the diamond abrasive grains were investigated to examine the capability
of impurity removal by laser irradiation. This study will demonstrate the
possibility of fabricating uniform and high-purity silicon nanoparticles
from industrial waste at low production cost.

2. Experimental procedure

The waste silicon powder used in this experiment was obtained from
a multi-wire sawing process of single-crystal silicon ingots and had a
mean size of 2.8 pm. For the preparation of laser irradiation target,
waste silicon powder was coated on a silicon wafer (size: 30 mm x 30
mm) so that the laser beam can be irradiated uniformly on the waste
silicon powder. Before coating, the mixture of waste silicon powder and
an organic solvent of N-methyl-2-pyrrolidone were agitated by a ball
mill to obtain a slurry. The slurry was deposited on the silicon wafer with
a thickness of 100 pm and dried at 100 °C for 2 h. In preliminary laser
irradiation tests, the depth of the laser-induced grooves on the deposited
layer was about 10 pm for a single laser scan at high fluence conditions.
Hence, the deposited layer (100 pm) was thick enough to protect the
silicon substrate from laser processing.

A nanosecond pulsed Nd:YAG laser excited by a laser diode, LR-SHG,
produced by MEGAOPTO Co., Ltd, Japan, was used for experiments. The
laser has a wavelength of 532 nm, a repetition frequency of 10 kHz, a
pulse width of 48.4 ns and a focused beam spot diameter of 85 pm. The
beam has a Gaussian energy distribution, as shown in Fig. 1. The laser
beam was scanned using a galvanometer mirror system. The scan speed
of the laser beam and laser fluence were set to 1 mm/s and 1.1 J/cm?
respectively. As illustrated in Fig. 2, the generated silicon nanoparticles
were collected on a 1.5 mm-thick soda-lime glass substrate placed above
the irradiated target. Soda-lime glass has high transparency of above
90% to the laser wavelength of 532 nm. After laser irradiation, the glass
substrate was examined by a microscope and no crack or groove was
found on the glass surface. Thus, the glass substrate was not machined
by laser and did not take part in the synthesis process of silicon
nanoparticles.

The glass substrate was set on a base which has an inclined angle 6 of
0.9° to the target surface, so that the substrate-target distance d can be

Fig. 1. Gaussian energy density distribution of laser beam used in
the experiment.
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Fig. 2. Experimental setup of laser irradiation through a glass substrate placed
on a base with an inclined angle.

adjusted from 10 to 500 pm by scanning the laser beam at different X
coordinates. The substrate-target distance d was calculated by the
following equation:

d=d;, + xtanf —t (@)

where dj; is the initial distance between the glass substrate and the sil-
icon wafer, x is the arbitrary X coordinate, and t is the thickness of
coating layer of waste silicon powder. The experimental parameters are
summarized in Table 1.

After the laser irradiation, the surface topography of the deposited
glass substrate was measured with a laser confocal microscope OLS4100
(Olympus Corp., Japan). From the measurement results, a cross-
sectional profile was obtained and deposition amount per a unit time
was calculated. Subsequently, the silicon nanoparticles deposited on the
glass substrate were observed using scanning electron spectroscopy
(SEM) Inspect F50 (FEI Company, USA) and MERLIN Compact (Carl
Zeiss AG, Germany). Raman spectroscopy was performed to analyze the
characteristics of silicon nanoparticles such as crystallinity and size
distribution using a laser micro-Raman spectrometer NRS-3100 (JASCO
Co., Japan). The wavelength of the laser used for the Raman spec-
trometer was 532 nm.

In order to obtain the size distribution of silicon nanoparticles from
the Raman analysis result, silicon nanoparticle embedding was per-
formed. As the silicon nanoparticles deposited on glass are not concen-
trated enough to perform Raman scattering, silicon nanoparticles were
embedded into a carbon tape to concentrate the nanoparticles. The
schematic diagram of embedding silicon nanoparticles is shown in
Fig. 3. Silicon nanoparticles deposited on the glass substrate were
concentrated using a spatula (Fig. 3a), and the concentrated silicon
nanoparticles were embedded on a piece of carbon tape (Fig. 3b) for
Raman mapping. Moreover, the size of silicon nanoparticles was
confirmed using transmission electron microscopy (TEM) Tecnai G2 (FEI
Company, USA).

Furthermore, the response of diamond grains contained in the silicon

Table 1

Laser irradiation conditions.
Parameter Value
Wavelength (nm) 532
Environment In air
Beam profile Gaussian
Beam diameter (pm) 85
Repetition frequency (kHz) 10
Pulse width (ns) 48.4
Average power (mW) 600
Laser fluence (J/cm?) 1.1
Number of pulse per unit area 850
Scan speed (mm/s) 1

Substrate-target distance(pm) 10, 100, 200, 300, 400, 500
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Fig. 3. Schematic diagram of sample preparation for Raman mapping: (a)
concentrating silicon nanoparticles using a spatula, (b) embedding silicon
nanoparticles inside a carbon tape.

waste during laser irradiation was investigated. As it was extremely
difficult to find and locate a single diamond grain in the waste powder, a
thin layer of diamond grains (grain size ~10 pm, the same as those used
for wire saw fabrication) were deposited on a silicon substrate, and laser
irradiation was performed. The experimental parameters are summa-
rized in Table 2. The change of the diamond grains was evaluated by the
laser microscope and the laser micro-Raman spectrometer.

3. Results and discussion
3.1. Effect of substrate-target distance

Fig. 4 shows surface topographies of the glass substrate after laser
irradiation at various substrate-target distances. Large debris with a size
of 10-60 pm, which is larger than the original size of waste silicon
powder, and a non-spherical shape were deposited at the substrate-
target distance of 10 pm (Fig. 4a): In contrast, there were no such
large debris at a distance of 500 pm (Fig. 4b).

The possible mechanisms of particle deposition at various substrate-
target distances are schematically shown in Fig. 5. As melting and
joining of waste silicon powders occur during laser irradiation, a melt

Table 2

Laser irradiation conditions for diamond abrasive grains.
Parameter Value
Wavelength (nm) 532
Environment In air
Beam profile Gaussian
Beam diameter (pm) 85
Repetition frequency (kHz) 150
Pulse width (ns) 38
Average power (W) 9.4
Laser fluence (J/cm?) 1.1
Number of pulse per unit area 850

Scan speed (mm/s) 15
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pool was generated due to the aggregation of melted waste silicon
powder, which then received a recoil pressure from laser-induced
plasma [17]. Consequently, melted silicon was scattered towards the
glass substrate due to the recoil pressure (Fig. 5a). When the
substrate-target distance was small, large debris scattered by laser would
be deposited on the glass substrate (Fig. 5b); whereas when the
substrate-target distance was large enough, large debris were redepos-
ited on the target surface due to gravity (Fig. 5c). From this result, it can
be concluded that to deposit only nanoparticles on the glass substrate, it
is essential to use a sufficiently large substrate-target distance.

Next, by measuring surface topography, cross-sectional profiles of
the deposits of silicon particles were obtained. Fig. 6a is a laser micro-
scope surface topography showing particles deposited on a glass sub-
strate at a substrate-target distance of 100 pm. It can be seen that a band
of silicon nanoparticles has been deposited on the glass and covered with
a few big debris. Then, a cross-sectional profile was taken along the line
AB to calculate the thickness of the deposition. The cross-sectional
profiles of depositions obtained at various substrate-target distances
are shown in Fig. 6b. As the substrate-target distance increased up to
200 pm, the height of deposits in the Z direction decreased drastically.
When the substrate-target distance further increased, the deposit height
decrease was insignificant. It is also noticeable that silicon particles were
scattered to a greater extent than the laser spot size in the horizontal
direction when the substrate-target distance was large. Moreover, the
deposition amount per unit time was calculated by the following
equation:

Vdepu.rit =vX Az{epmit (2)

where Vgeposic is deposition volume per unit time, v the scan speed of
laser beam and Ageposit the cross-sectional area of deposits which was
calculated from the cross-sectional profiles shown in Fig. 6b. As shown
in Fig. 6¢, Vgeposit decreases sharply as the distance increases to 200 pm,
and then decreases gradually with further increase of the distance.

Furthermore, morphology of deposited silicon particles was exam-
ined, as illustrated in Fig. 7. Throughout the whole range of the
substrate-target distances, deposited silicon particles adhered to each
other. However, changing the substrate-target distance resulted in a
change in deposition morphology. Laser irradiation at a target-substrate
distance of less than 400 pm led to agglomerated structures as presented
in Fig. 7a—d. In contrast, laser irradiation at a distance of 400 pm or more
led to web-like structures as presented in Fig. 7e—f. As the substrate
distance was increased, the deposited web-like structures became looser.
Fig. 8 is a high-magnification image of Fig. 7f. It is seen that the
deposited silicon particles have an average size of ~25 nm: including
coating layer of Osmium to make the samples conductive. This means
that the irradiation of nanosecond pulsed laser has enabled 89% size
reduction from the original waste silicon powder.

The particle size reduction might have been caused by a vaporization
and rapid cooling process. The possible mechanism of nanoparticle
deposition is illustrated in Fig. 9. After a laser pulse is irradiated on the
waste silicon powder, a surface region of waste silicon powder is melted
and the melted region grows deeper and deeper (Fig. 9b). Subsequently,
the melted silicon turns to vapor and plasma due to the high energy
density of laser (Fig. 9¢). In the vapor and plasma, silicon nanoparticles
are generated due to the formation and growth of nuclei during cooling
(Fig. 9d). The vapor and plasma expands radially, and the scattered
silicon nanoparticles are backward transferred and deposited on the
glass substrate (Fig. 9e). During the vapor cooling (Fig. 9d), the molten
nanoparticles might aggregate with each other. However, nanoparticle
synthesis is a build-up method where clustered silicon atoms or mole-
cules are cooled rapidly in several hundreds of nanoseconds [18]. Thus,
the rapid cooling can restrain both of the growth of nuclei and the ag-
gregation of molten silicon nanoparticles.

The agglomerated web-like structure was induced by the high sur-
face energy of silicon nanoparticles. Generally, surface energy increases
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Fig. 4. Laser microscope surface topographies of deposits on glass substrates at different substrate-target distances: (a) 10 pm, (b) 500 pm.

Fig. 5. Schematic of debris reduction by increasing the substrate-target distance: (a) scatter of melted waste silicon powder as debris, (b) debris deposition at a
shorter substrate-target distance, (c) restraint of debris deposition at a longer substrate-target distance.

with decreasing particle size because a relatively large fraction of
component atoms is located at the surface compared to a bulk material
[19]. Therefore, a nanoparticle has high surface energy, which results in
an adhesive property, leading to silicon nanoparticles agglomeration
[15,20,21]. On the other hand, when silicon nanoparticles scatter into
the air, friction between silicon nanoparticles and air molecules occurs.
This friction leads to electrostatic force, which is dominant compared to
the gravity in the case of the nanometer level [22]. When the particle
traveling distance increases, the electrostatic force increases as silicon
nanoparticles are scattered over a longer distance and collide with more
molecules of air. As a result, the electrostatic force becomes locally
higher than the adhesive force, which leads to the generation of loose
web-like structures of silicon nanoparticles.

3.2. Cross-sectional observation of deposited area

Fig. 10 shows a back scattered electron image of deposited silicon
nanoparticles observed from cross-sectional direction to the deposited
area at the substrate-target distance of 100 pm. The thickness of the
deposited layer was 250-500 nm, as presented in Fig. 10a. In addition,
as illustrated in Fig. 10b, relatively large nanoparticles, with a size of
over 30 nm, were stuck in top layer composed of branches of silicon
nanoparticles. This might have been caused by drag force. When a
spherical particle with the radius of r moves in a stationary gaseous
medium with mean free path of 4, in the case of a small r in comparison
with 4, slowing of the particle can be caused by the collective effects of

collisions with individual gas molecules, in which case Epstein’s law is
applied to drag force [23,24]. On the other hand, in the opposite case, a
frictional force exerted by a viscous fluid affects particle slowing,
whereby Stokes drag force is applied. In this experiment, the size of
silicon nanoparticles is smaller than mean free path of air, 1 = ~65 nm,
at atmospheric pressure. Hence, scattered silicon nanoparticles receive
drag force as defined by Epstein, given by the following equation [23]:

4
fa=— gmrn %Erzvl, 3
D

where fq is a drag force of a scattered silicon nanoparticle, § shows the
interaction between the particle and a gas molecule, n is the number
density of the gas, mg and mj, are the mass of the gas molecule in air and
the particle respectively, ¢ is the mean thermal velocity, r is the particle
radius, and v}, is the velocity of the particle. As described in Equation (3),
the drag force fy is proportional to square of the particle radius r. This
proportional relationship indicates that larger particles can be deposited
on the top layer of the silicon nanoparticle branches which are deposited
on the glass substrate beforehand.

3.3. Characterization of silicon nanoparticles

Fig. 11a shows the typical peaks of silicon nanoparticles and a single-
crystal silicon wafer as a reference, obtained by Raman scattering
spectroscopy. The spectra indicate that silicon nanoparticles have a peak
at 520.2 cm ™!, which is close to the single crystalline silicon peak at 521
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Fig. 6. (a) Laser microscope surface topography of silicon deposits on a glass substrate at a substrate-target distance of 100 pm; (b) cross-sectional profile of the
deposited layer at various substrate-target distance; (c) deposition volume per unit time at different substrate-target distances.

Fig. 7. Deposition morphology of silicon nanoparticles at the different substrate-target distances: (a) 10 pm, (b) 100 pm, (c) 200 pm, (d) 300 pm, (e) 400 pm, ()

500 pm.
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Fig. 8. High-magnification image of silicon nanoparticles at a substrate-target
distance of 500 pm.

cm™! [25]. The peak shift can be explained by the phonon confinement
model [26-29]. According to this model, the peak of silicon nano-
particles in the Raman spectra shifts into low-wavenumber side
compared with that of single-crystal bulk silicon. In addition, full width
at half maximum (FWHM) of silicon nanoparticles increases. This is
caused by the localization of the phonon which leads to the breakdown
of the ¢ = 0 selection rule. The peak shift is related to the size of the
silicon nanoparticle. The peak shift of silicon nanoparticles can be

Glass substrate
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calculated by using the following equation [27]:

54 1.586
Aw= —52.3 <—01533> ()]

where Aw is the peak shift of a silicon nanoparticle and D is the diameter
(size) of the silicon nanoparticle. Based on this equation, the peak shift
of 0.8 cm ™! indicated that the size of generated silicon nanoparticles was
7.8 nm.

Moreover, Raman mapping was carried out in order to analyze the
silicon nanoparticles in a greater area. Fig. 12a shows the surface
micrograph of silicon nanoparticles embedded in a carbon tape. The
region surrounded by the red box was characterized by Raman mapping.
Fig. 12b illustrates the Raman mapping result of peak shift. In the whole
analyzed area, the peak of silicon nanoparticles ranged between 520.2
and 520.8 cm™!. This result indicates that the silicon nanoparticles are
uniform and independent, rather than being bonded together forming
clusters. This might be due to the formation of an extremely thin oxide
layer on the surface of each nanoparticle which prevented inter-particle
bonding. Finally, the size distribution histogram was obtained using
Equation (4), as presented in Fig. 12c. In addition, the minimal and
maximal size, mean size, maximum of distribution, FWHM and disper-
sion were summarized in Table 3. It was established that the particle size
distribution can be described by the Voigt function [14]: a convolution
of Gaussian and Lorentzian function [30]. As shown in Fig. 12¢, a nar-
row distribution was achieved, where the maximum of distribution was
13.9 nm, and minimal size of silicon nanoparticles reached the
single-nanometer level (7.8 nm). This narrow size distribution is due to
the short time scale of laser interaction. During the nuclei growth in
silicon vapor, the generated silicon nanoparticles are cooled and
deposited rapidly, so that they do not interfere with the subsequently
generated nanoparticles. In other words, nuclei formation does not

Laser irradiation

|

Melted region

| |

Laser-induced

plasma Melted region

SEELREED

Eh

5t

(e)

Fig. 9. Mechanism of generation and deposition of silicon nanoparticles: (a) laser irradiation through a glass substrate, (b) formation of melted region, (c) generation
of laser-induced plasma, (d) plasma expansion and nucleus growth, (e) deposition of silicon nanoparticles.
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Fig. 10. (a) Cross-sectional observation of deposited silicon nanoparticles, (b)
high-magnification image of the region surrounded in red line in (a).

occur during the growing process of silicon nanoparticles. If new nuclei
are formed during the growing process, the growing speed of new nuclei
is delayed compared with that of the initial nuclei, resulting in wide size
distribution.

It should be pointed out that no impurity like carbon was detected
from the Raman analysis, as presented in Fig. 11b, indicating oxidation
and vaporization of diamond abrasives included in the waste silicon
powder during laser irradiation. When silicon turns to plasma phase, its
temperature exceeds 6000 K, which is above the sublimation tempera-
ture of diamond 3900 K [31]. Hence, the high temperature causes dia-
mond to evaporate. It is also presumable that the generated silicon
nanoparticles have core-shell structure where nanocrystalline silicon is
covered with a very thin oxide layer. The oxidation of silicon nano-
particles is likely to be caused by overheating during the laser irradia-
tion process. Additionally, oxidation occurs due to higher ratio of
surface atoms to total atoms in silicon nanoparticles [3,32]. Surface
atoms act as defects known as dangling bonds due to the absence of
bonding partner. Since oxidation of the surface of silicon nanoparticles
stabilizes dangling bonds, the oxidation of silicon nanoparticles occurs
easily in the atmosphere.

Furthermore, TEM observation was performed to confirm that the
size of silicon nanoparticles measured by Raman spectroscopy corre-
sponds to the actual size of them. Fig. 13 shows that silicon nano-
particles are agglomerated each other. According to this result, the size
distribution of silicon nanoparticles was calculated, where arbitrary
silicon nanoparticles in Fig. 13 were extracted randomly. Fig. 14

Materials Science in Semiconductor Processing 111 (2020) 104998
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Fig. 11. Raman spectra of silicon nanoparticles: (a) lower wave number side,
(b) higher wave number side.

describes calculated size distribution of silicon nanoparticles by TEM
observation. The minimal and maximal size, mean size, maximum of
distribution, FWHM and dispersion were summarized in Table 4. The
result calculated by TEM observation was consistent with that calculated
by Raman spectroscopy, whereas mean of the distribution was slightly
shifted to a smaller value as compared with Table 3.

3.4. Response of diamond abrasive grains

Next, laser irradiation was performed on diamond grains to investi-
gate the laser-induced changes of the diamond abrasives included in the
silicon waste. Fig. 15 shows a three-dimensional surface topography of
diamond abrasive grains deposited on a silicon substrate after laser
irradiation in the center region. It is clear that after laser irradiation,
most of diamond abrasive grains disappeared. In addition, Raman
scattering spectroscopy was carried out, as presented in Fig. 16. In the
laser-affected region, no significant peak of single-crystal diamond was
detected.

These results demonstrated that diamond abrasive grains included in
the silicon waste could be removed as carbon dioxide gas. This might be
aresult of the phase transformation, vaporization and chemical reaction
with oxygen during laser irradiation. In the laser-induced plasma, dia-
mond grains undergo diamond-graphite transformation and
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Fig. 12. (a) Surface micrograph, (b) mapping of peak shift at 521 cm™, (c) size
distribution histogram of silicon nanoparticles.

Table 3

Analysis results of silicon nanoparticles.
Minimal size (nm) 7.8
Maximal size (nm) 27.2
Mean size (nm) 13.7
Maximum of distribution (nm) 13.9
FWHM (nm) 7.4
Dispersion 16.9

(a)

Fig. 13. (a) TEM image of generated silicon nanoparticles, (b) high-
magnification image of the region surrounded in the red line in (a).

vaporization. The vaporized carbon element reacts with oxygen in air,
generating carbon dioxide gas. Carbon reacts with oxygen more easily
than with silicon since the enthalpy of carbon-dioxide formation is much
lower than that of silicon-carbide formation [33,34]. This situation is
different from the reaction sintering process where SiC formation occurs
by nanosecond pulsed laser irradiation on pellets of a stoichiometric
powder mixture of Si and C under Ar gas flow [35]. The laser-induced
removal of diamond abrasive grains from waste silicon powders helps

Materials Science in Semiconductor Processing 111 (2020) 104998
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Fig. 14. Size distribution histogram of silicon nanoparticles measured by TEM
observation.

Table 4

Summary of size distribution calculated by TEM observation.
Minimal size (nm) 5.5
Maximal size (nm) 51.9
Mean size (nm) 12.7
Maximum of distribution (nm) 10.7
FWHM (nm) 10.5
Dispersion 8.9

pm

25

20

27038

0

Fig. 15. Three-dimensional surface topography of diamond abrasive grains on
silicon substrate after laser irradiation.

improve the purity of generated silicon nanoparticles.
4. Conclusions

Nanosecond pulsed Nd:YAG laser irradiation was performed on
waste silicon powder to generate silicon nanoparticles. The morphology
and crystallinity of the generated silicon nanoparticles were character-
ized using Raman spectroscopy. The following conclusions were
obtained.

(1) Silicon nanoparticles were deposited on the glass substrate in the
whole experimental range of the substrate-target distances. There
was no micrometer-scale particle deposition at a substrate-target
distance of 500 pm or bigger.
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Fig. 16. (a) Surface micrograph, (b) mappings of peak height at 1330 cm ™! of
diamond abrasive grains after laser irradiation.

(2) As the substrate-target distance was increased, the deposition
amount per unit time decreased and the deposition nanoparticle
morphology was shifted from an agglomerated structure to a
web-like structure.

(3) Larger nanoparticles were stuck in the top layer as nanoparticle
branches while smaller nanoparticles are deposited indepen-
dently in the bottom layer.

(4) The obtained silicon nanoparticles had a crystalline structure
covered by a thin layer of silicon oxide. The maximum of size
distribution was 13.9 nm and the minimal size was 7.8 nm.

(5) No impurity was detected from the nanoparticles. The diamond
abrasives included in the waste silicon powders could be removed
through vaporization and oxidation during laser irradiation.
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