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A huge amount of silicon sludge is disposed of from silicon wafer manufacture, and its reuse is a critical issue. In this study, silicon nanoparticle
generation from sludge was explored by nanosecond-pulsed laser irradiation. The nanoparticle production efficiency from silicon sludge was
compared with that from silicon wafers. The result showed that using silicon sludge as a laser irradiation target leads to a distinctly higher
production efficiency of nanoparticles; the smaller the powder size of the silicon sludge, the higher the efficiency. The generated silicon
nanoparticles were crystalline with sizes at the 10 nm level. © 2020 The Japan Society of Applied Physics

C
urrently, in manufacturing processes of single- and
poly-crystal silicon wafers, silicon ingots are sliced
with a multi-wire saw, and subsequently the sliced

wafers are finished by grinding and polishing to obtain mirror
surfaces. However, during these abrasive machining pro-
cesses, a large quantity of silicon sludge with a micrometer-
level powder size is produced and disposed of as waste.1)

On the other hand, silicon nanoparticles possess various
unique and useful properties such as high photolumines-
cence, an intermediate band, a large surface area, and
biocompatibility, some of which are distinctly different
from those of bulk silicon.2–6) These characteristics will
improve the capabilities of lithium-ion batteries, solar cells,
biomedical industries, and other high-value-added
products.7–15) One of the common methods to fabricate
silicon nanoparticles is femtosecond-pulsed laser irradiation
on a single-crystal silicon wafer.16–19) However, it remains a
very expensive and time-consuming process due to its low
production efficiency.
In this study, we propose silicon nanoparticle generation by

using a nanosecond-pulsed laser to irradiate silicon sludge. If
the silicon sludge can be reused for silicon nanoparticle
production, the energy and material resources can be saved
effectively, and the industrial and economical advantage is
huge. Moreover, a nanosecond-pulsed laser was adopted
instead of a femtosecond-pulsed laser to examine the possi-
bility of increasing nanoparticle generation efficiency. The
fundamental nanoparticle generation behavior and production
efficiency were investigated in comparison with those when
using polished and ground silicon wafers as targets.
The silicon sludge used in the experiment had an average

size of 3.9 μm, which was produced from a rough grinding
process of silicon wafers. For the preparation of a target for
laser irradiation, the silicon sludge was coated on a silicon
wafer so that laser can be irradiated at a uniform distance from
the silicon sludge. Before coating, the silicon sludge was
mixed with an organic solvent of N-methyl-2-pyrrolidone and
pulverized by a ball mill for 1, 2, and 3 h to obtain slurries
with various powder sizes. The measurement result of the
powder size distribution of the silicon sludge is shown in
Fig. 1. The average powder size was 1.02, 0.83, and 0.60 μm
(mode value: 0.72, 0.71, and 0.36 μm) after ball milling for 1,
2, and 3 h, respectively. Subsequently, the slurry was depos-
ited on a silicon wafer to a thickness of 100 μm and dried at
100 °C for 2 h. For comparison, mirror-polished and ground
single-crystal silicon (100) wafers were also used as targets.

A nanosecond-pulsed Nd:YVO4 laser system which had a
wavelength of 532 nm, a frequency of 150 kHz, a pulse width
of 38 ns and a spot diameter of 85 μm was used. The laser
beam had a Gaussian energy distribution and was scanned
using a galvanometer mirror system. The scan speed was set
to 15 mm s−1, and laser fluence was set to 1.0 and 2.0 J cm−2.
Two methods were attempted to collect the generated

silicon nanoparticles. One was to use a transparent glass
substrate to cover the irradiated target in air where the
distance between the target and the glass substrate was set
to 100 μm. Upon laser irradiation through the glass, the
silicon nanoparticles were backward-transferred and depos-
ited on the glass substrate. The other was to use a membrane
filter which had a pore size of 0.22 μm for nanoparticle
collection in a vacuum chamber system. After laser was
irradiated on the target, the generated silicon nanoparticles
were pumped toward the filter and deposited on it.
After laser irradiation, the deposited silicon nanoparticles

were observed using a scanning electron microscope (SEM;
Inspect F50). Before SEM observation, a thin layer of
osmium (thickness of ∼5 nm) was coated on the samples.
Moreover, the surface topography of the irradiated target was
measured by a laser confocal microscope (OLS 4100), from
which the amount of nanoparticle generation was calculated.
Finally, the silicon nanoparticles were characterized by a
transmission electron microscope (TEM; FEI Tecnai).

Fig. 1. (Color online) Powder size distribution of silicon sludge after ball
milling for different lengths of time.
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Figure 2 shows silicon nanoparticles deposited on the glass
substrate. For all experimental conditions, nanoparticles
(including coating) with a size of ∼20 nm were successfully
generated. For the silicon sludge, even at laser fluence of
1.0 J cm−2, nanoparticle deposition was realized on the entire
surface of the glass substrate [Fig. 2(c)]; when using a silicon
wafer, however, silicon nanoparticles were hardly generated
[Figs. 2(a) and 2(b)]. At 2.0 J cm−2, all of the targets led to
similar nanoparticle deposition morphology. However, the
gaps among the nanoparticle networks were different. In the
case of the silicon wafer targets, the gap size was greater

compared with that for silicon sludge, intuitively indicating
that silicon sludge achieved a higher volume density of
silicon nanoparticle deposition.
The deposition amount of nanoparticles per unit time,

corresponding to the cross-sectional area multiplied by the
scan speed, was obtained from cross-sectional profiles
measured by the laser microscope, as shown in Fig. 3. At
laser fluence of 1.0 J cm−2, it is clear that the production
efficiency of nanoparticles was greatly improved by using
silicon sludge as a target. In the case of 2.0 J cm−2, the
production efficiency when using silicon sludge was still over

Fig. 2. (Color online) SEM images of silicon nanoparticles deposited on a glass substrate for various targets and laser fluences: (a) polished silicon wafer at
1.0 J cm−2, (b) ground silicon wafer at 1.0 J cm−2, (c) silicon sludge at 1.0 J cm−2, (d) polished silicon wafer at 2.0 J cm−2, (e) ground silicon wafer at
2.0 J cm−2, (f) silicon sludge at 2.0 J cm−2.
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three times that when using silicon wafers, although the latter
was also drastically increased. This result indicates that
silicon sludge can achieve a higher production efficiency
compared with silicon wafer even at lower laser fluence.
It is presumable that the difference in production efficiency

was caused by the difference in thermal conductivity of the
targets. It has been reported that the thermal conductivity for
powder or a porous material decreases as compared with that
for a bulk material.20–27) The effective thermal conductivity
for silicon nanocrystals can be described using the following
equation:20)

òåk u w= LC d
1

3
, 1

p
eff· · · ( )

where C is the spectral heat capacity, n the group velocity, w
the frequency and Leff the effective mean free path. The

Fig. 3. (Color online) Deposition amount per unit time of various targets and laser fluences.

Fig. 4. (Color online) Schematic diagrams of the effect of thermal
conductivity on material removal volume for different targets: (a) silicon
sludge, (b) silicon wafers.

Fig. 5. (Color online) The material removal amounts for various irradiated
targets at 2.0 J cm−2: (a) cross-sectional profiles of targets, (b) material
removal volume per pulse.
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phonon scattering including impurity/defect scattering L ,imp

Umklapp scattering L ,umkl and grain boundary scattering Lbdy

can be combined using Matthiessen’s rule:
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where w0 is the maximum frequency, T the temperature, and
Davg the average powder size; A1, B1, B2, α, and β are
parameters which can be determined by experimental fitting.

Fig. 6. Cross-sectional views of silicon nanoparticles generated from
silicon sludge with various average powder sizes: (a) 1.02 μm, (b) 0.83 μm,
(c) 0.60 μm.

Fig. 7. Thickness change of silicon nanoparticle layer deposited on
membrane filter.

Fig. 8. TEM images and electron diffraction patterns of silicon nanopar-
ticles: (a) aggregated nanoparticles, (b) a single nanoparticle.
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According to these equations, the effective thermal conduc-
tivity of a nano-sized powder material becomes far lower
than that of a bulk material. Although the above equations
cannot be quantitatively used for predicting the thermal
conductivity of micro-sized powders due to the fact that the
effective mean free path of phonons depends on the size of
the powder, the effect of the grain boundary on phonon
scattering should be similar qualitatively. For this reason, the
effective thermal conductivity of silicon powder with a size
of ∼1 μm is about 13W m−1 K−1 which is distinctly lower
than the thermal conductivity of bulk silicon (70W m−1 K−1

at a temperature of ∼500 K).20,23) Thus, when laser was
irradiated on the silicon sludge, the temperature distribution
inside the silicon sludge might have been different from that
of the silicon wafers, as presented in Fig. 4. If the input
energy transferred by the laser is assumed to be the same, the
integration of energy distribution must also be the same. In
the case of the silicon sludge, the input energy might have
been trapped due to its lower thermal conductivity [Fig. 4(a)],
resulting in a drastic gradient of temperature distribution,
whereas the temperature distribution inside the silicon wafers
had a gentle gradient [Fig. 4(b)]. Therefore, the steeper
temperature distribution in the silicon sludge contributed to a
greater material removal amount in comparison with the
silicon wafers.
The cross-sectional profiles of the targets were measured

and the material removal volume per pulse was evaluated, as
shown in Fig. 5. Apparently, the material removal amount of
the silicon sludge sample was greater than those of both
silicon wafers. In addition, the ground silicon wafer resulted
in a 51% higher material removal amount than the polished
silicon wafer. It is thought that the absorption coefficient
caused the difference in material removal amount between
the polished and ground silicon wafers. Laser intensity
attenuation with laser penetration depth is given by the
following equation:28)

a= - -I z R I z1 exp 60( ) ( ) ( ) ( )

where I is the laser intensity, z the laser penetration depth, R
the reflection coefficient, I0 the initial laser intensity, and α

the absorption coefficient. After grinding, there remained
machining-induced subsurface damage such as an amorphous
layer. The absorption coefficient of amorphous silicon, a ,a is
much higher than that of crystal silicon, a .c

29,30) On the basis
of Eq. (6), it can be predicted that different absorption
coefficients lead to different material removal amounts.
Next, laser irradiation was carried out on silicon sludge

with various powder sizes in a vacuum chamber system, and
the obtained silicon nanoparticles were captured by a
membrane filter. Cross-sectional views of the deposited
nanoparticle layers are presented in Fig. 6. Moreover, the
measured thickness of the silicon nanoparticle layer is plotted
versus the powder size of the silicon sludge in Fig. 7. The
result indicates that the layer of deposited silicon nanoparti-
cles became thicker from 3.3 to 5.5 μm as the size of the
silicon sludge decreased from 1.02 to 0.60 μm. This might be
due to the rise in total surface area of the silicon powder with
its size reduction and the decrease in effective thermal
conductivity. When volume is constant, a decrease in the
size of the powder increases the total surface area, and in

turn, leads to higher surface reactivity since a relatively large
fraction of component atoms are exposed on the surface.31)

Consequently, the surface energy rises. On the other hand,
the effective thermal conductivity of silicon sludge strongly
depends on its size according to Eq. (5). Therefore, nano-
particle production efficiency is improved by using smaller-
sized silicon sludge.
Finally, TEM observation was performed on silicon

nanoparticles generated from silicon sludge with a powder
size of 1.02 μm at laser fluence of 1.0 J cm−2, as presented in
Fig. 8. The selected-area electron diffraction pattern of the
agglomerated silicon nanoparticles in Fig. 8(a) shows that the
aggregation had a polycrystalline phase. However, as seen
from the magnified image of a single nanoparticle and its
electron diffraction pattern in Fig. 8(b), the nanoparticle had a
single-crystalline phase with a lattice plane of (220) corre-
sponding to an interplanar spacing of ∼1.9 Å. It is assumed
that the integration of multiple diffraction patterns of
individual silicon nanoparticles resulted in the polycrystal-
line-like phase.
In summary, nanosecond-pulsed laser irradiation was

performed on silicon sludge and silicon nanoparticles were
generated successfully. The nanoparticle production effi-
ciency was compared with that when using polished/ground
silicon wafers as targets. At the same laser fluence, a higher
amount of silicon nanoparticles was obtained by using silicon
sludge in comparison with silicon wafers due to the differ-
ence in effective thermal conductivity. The layer of deposited
silicon nanoparticles became thicker as the powder size of
silicon sludge decreased. The generated silicon nanoparticles
were single crystals with an average size of ∼10 nm.
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