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Characterization of the silicon-sawdust powders generated in the photovoltaic industry, and experiments of their nitridation were
carried out. The results show that a layer of amorphous silicon is present on the particles of silicon sawdust. In addition, there is
a lattice distortion in the crystal portion of the sawdust powders. An extra exothermic process accompanied by acceleration of
nitridation occurs in the early stage of the nitridation of sawdust silicon, presumably because of the crystallization of the amor-
phous phase of silicon sawdust. A successful preparation of >95 w/% «-SizN4 powders taking place at 1300 °C for 3 hours was
carried out.
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Avtorji v ¢lanku opisujejo karakterizacijo silicijevega prahu, nastalega med rezanjem rezin z diamantno Zago, za fotovoltai¢no
industrijo in preizkuse nitriranja za njegovo ponovno uporabo. Rezultati analiz so pokazali, da je na povrSini praSnih delcev
tanka plast amorfnega silicija. Poleg tega obstaja dolocen delez praSnih delcev z deformacijo kristalne reSetke. Avtorji so
ugotovili, da med nitriranjem Si prahu nastopi zato poseben eksotermni proces, ki pospesi postopek nitriranja. Ta proces poteka
v zacetni (zgodnji) fazi nitriranja zaradi kristalizacije amorfne faze, ki se nahaja na povrSini Si praSnih delcev. Avtorji so
uspesno reciklirali odpadni Si prah in pripravili @-SizN4 prahove s Cistostjo ve¢ kot 95 mas.% z novim postopkom nitriranja s 3
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urnim zadrzevanjem Si prahu na 1300 °C v ¢istem dusiku.

Kljuc¢ne besede: silicijev prah, nastal med rezanjem rezin; fotovoltaika, silicijev nitrid, nitriranje, kinetika

1 INTRODUCTION

The global photovoltaic (PV) industry developed rap-
idly in the last decade, and more than 90 % of its opera-
tions are based on silicon wafers. Up to now, all the sili-
con wafers have been produced with a wire saw. As the
width of kerfs is about the same as the thickness of wa-
fers, about 50 % of the high-purity silicon becomes saw-
dust. Their recovery and utilization are undoubtedly very
important to reduce the cost of PV power and release the
environmental load they create. The reuse of recovered
sawdust as the feedstock for the multi-crystalline sili-
con-ingot production used to attract a great deal of re-
search effort.!> However, none of it led to an industrial
practice due to the difficulty in meeting the demand for
the solar-grade purity and the fact that the price of proper
silicon feedstock has decreased drastically in the recent
years.
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Other simple uses of sawdust, such as using it as the
raw material for refractory ceramics, deoxidizer in steel
making or alloying material for Al-Si alloy making are
regretfully of a much lower value than sawdust ought to
have. Although it is difficult to reach a purity of 67 N,
i.e., the standard for solar cells, sawdust can be easily
cleaned to a purity of 4-5 N,3 appropriate for higher-
value utilization. In recent years, we have developed a
patented route of producing high-purity a-SizN, powders
using the nitridation of sawdust. Both @ and 8 phases of
Si3Ny are formed during the nitridation of silicon, and
a-SizNy is preferable for applications in ceramics. The
present paper shares some fundamental findings we ob-
tained during this development, mostly related to the
special structural feature of sawdust as compared to the
conventional ball-milled silicon powders. Up to now, no
similar study has been seen in commonly available pub-
lished literature.
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2 EXPERIMENTAL PART

Silicon sawdust from a diamond-wire sawing work-
shop for monocrystalline-silicon-wafer production was
used. Floatation separation, hydrochloric acid based on
pickling and water rinsing were conducted to purify the
sawdust. For comparison, a reference silicon powder
ball-milled from fragments of broken silicon wafers were
prepared. Ball-milled silicon powders are common raw
materials used for the industrial production of SizN,
powders through direct nitridation.

The temperature profile of the nitridation process is
illustrated in Figure 1. Different dwell temperatures
were chosen for the experiment. Nitrogen of 99.999 %
purity was used as the reaction gas with 10 vol.% H,/90
vol.% Ar of 99.999 % purity as the diluent gas in the ex-
perimental system.

An X-ray diffractometer, the Bruker D8 FOCUS
model, was used to characterize the structure and phase
constitution of the silicon powders and nitridation prod-
ucts, using Cu-K,, radiation with a step size of 0.02° and

holding temperature
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Figure 1: Temperature profile of the nitridation process used for sili-
con-sawdust powders
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Figure 2: Obtained particle-size profiles of the purified sawdust and
ball-milled reference silicon powder
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a scanning speed of 0.4 s/step. The quantitative-analysis
method developed by Z. Jovanovic and S. Kimura* was
adopted to calculate the phase constitutions on the basis
of the XRD results. A scanning electron microscope, the
JSM 6701F model, was used to examine the micro-
morphology of the silicon powders. A laser particle-size
analyzer, the BT-9300H model, was used to determine
the particle-size distribution of the silicon powders. In-
ductively coupled plasma atomic emission spectroscopy,
the Optima 5300DV model, was used to analyze the me-
tallic impurity of the purified silicon-sawdust powders.
Combined differential scanning calorimetry (DSC) and
thermal-gravity analysis (TGA) of the sawdust and the
ball-milled reference silicon powders were conducted
with a SDT-Q600 thermogravimetric analyzer.

3 RESULTS AND DISCUSSION
3.1 Characterization of the silicon sawdust

Concentrations of four major residual metals from
the purified sawdust powders are listed in Table 1. As
can be seen, the metallic impurity level corresponds well
to the requirement related to commercial high-purity sili-
con nitride products.

Table 1: Concentrations of four major residual metals from the puri-
fied silicon sawdust, in mass fractions (w/%)

Fe Al Cu Ca
0.00053 0.00033 0.00033 0.00094

The obtained particle-size profile of the purified saw-
dust is plotted in Figure 2. The purified-silicon-sawdust
particle size ranges from =0.1 pum to 7 um, with an aver-
age particle size of 1.15 um. The ball-milled silicon pow-
der is typically used in the industrial production of SizNy,
and its average particle size is 4 pm.

Figure 3 shows the XRD patterns of the silicon saw-
dust powder and the reference silicon powder. Remark-
able differences are revealed. Firstly, the diffraction
peaks of the sawdust are greatly broadened, especially at
the lower part of the peaks; Secondly, a broad peak ap-
pears in the spectrum of the sawdust at =52° and it can-
not be associated with crystalline silicon. As the particle
sizes of the two types of silicon powders are in the order
of microns, the first difference may not be attributed to
the difference in the particle size. Besides, the shapes of
the broadened peaks featured by a much greater broaden-
ing of their lower parts cannot be explained with the
Scherrer broadening from the size effect.’

Previous studies of surface analyses of diamond-
wire-sawn silicon wafers with Raman spectroscopy
showed that an amorphous layer of nanometer thickness
is present on the surfaces.*” Molecular-dynamics simul-
ations®® showed that a crystalline silicon surface cut by a
diamond tip, as well as most parts of the silicon debris
pushed away by the diamond tip transformed into amor-
phous-phase silicon. Therefore, we believe that a saw-
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Figure 3: XRD patterns of the silicon sawdust: a), ball-milled crystal-
line silicon powder b) and amorphous silicon c), replotted from refer-

ence.'> To make the graph clear, the spectrum for the sawdust was
magnified eight times

dust particle actually consists of an amorphous surface
layer and a crystalline silicon core, and it is the amor-
phous part that contributes to the observed bottom wid-
ening of the peaks and the extra hill in Figure 3a. Fig-
ure 3 also gives an XRD spectrum (C) of the amorphous
silicon deposited on a Be substrate. The hills centered at
29° and 52° match well with the observed spectrum of
the sawdust.

However, the significant widening of the higher parts
of the peaks cannot be explained with the exiting of the
amorphous phase in sawdust. We believe that underneath
the amorphous layer, a severe crystal deformation must
have happened, generating significant amounts of lattice
defects and residual strains, which all contributed to the
widening of the XRD peaks.

Diamond-wire sawing of silicon, which generates
sawdust, is basically a plastic ploughing process.'®!! We
believe this mechanism is responsible for the severe de-
formation and the transition to the amorphous phase.

Figure 4: SEM micrograph of the purified silicon sawdust
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During the ball milling of silicon, generating the
reference silicon powders, simple brittle cracking of the
silicon occurred, but it did not cause similar changes to
the structure of silicon.

The micrograph of the silicon-sawdust powder is
shown in Figure 4. The particles are mostly flaky, which
agrees with the mechanism of diamond cutting.'® Com-
pared with the usual granular shape, this kind of shape is
believed to be of benefit to the reactivity.

3.2 Nitridation behavior of the silicon sawdust

First, nitridation experiments with pure N, at a dwell
temperature of 1380 °C indicated in Figure 1 were car-
ried out. XRD patterns of the obtained products are given
in Figure 5. As can be seen, the phase constitutions of
the two products are greatly different. The product from
the sawdust is mainly f3-Si;N,, with the rest being
a-SizN4, whereas the product from the reference milled
silicon powder consists of residual silicon and -SizN..
Only a very small trace of 3-SisNy is detected. While the
faster nitridation of silicon sawdust is not surprising, the
large difference in the phase preference is unexpected
and needs further attention to the reaction kinetics to un-
derstand the processes.

In order to understand the kinetics behaviors, com-
bined DSC and TGA analyses of the isothermal reaction
processes were conducted. Figures 6a and 6b present
isothermal DSC and TGA curves of the two powders at
1380 °C, and one more set of curves for the sawdust at
1300 °C in nitrogen. The samples were heated to the set
temperature in Ar in less than an hour, then nitrogen was
allowed to flow into the chamber and the counting of the
reaction time started. The weight gain is a direct indica-
tion of the extent of nitridation, which incorporates the
weight of nitrogen into the solid sample. A remarkable
exothermic peak is present at an early stage of the saw-
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Figure 5: a) XRD patterns of the nitridation products obtained from

silicon sawdust and b) ball-milled reference silicon powder. Refer to

Figure 1 for the nitridation process, in which the dwell temperature is
1380 °C
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Figure 6: Isothermal behaviors of silicon sawdust and ball-milled ref-
erence silicon powder exposed to nitrogen: a) DSC, b) TGA

dust exposure to nitrogen, but no such peak is found for
the milled reference silicon. Such a heat release may sig-
nificantly raise the local temperature. Higher tempera-
ture is known to favor the formation of 5-SisNs, while
lower temperature favors the formation of -SizN,.!3
Once the B-phase nucleates during the above-mentioned
heat-release stage, its subsequent growth keeps the same
phase, though the subsequent temperature may not keep
the excessive level, favoring the formation of the
fB-phase. Being associated with the exothermic heat, the
acceleration of the nitridation of silicon sawdust is ob-
served from Figure 6b.

Nitridation of silicon is a strongly exothermic pro-
cess. However, in a normal continuous nitridation pro-
cess, no exothermic peak appears in the isothermal DSC
curve. Only in the case of extra excessive heat that can-
not be transferred away in time, such a peak would ap-
pear and the local temperature would rise up, leading to a
rise in the nitridation rate, as can be seen in Figure 6b.
This is what happened to the reference powder and saw-
dust. In the nitridation experiments, much more powder
is packed, more heat is generated and the transfer of heat
from the interior of a sample pack is also more difficult
so that the above difference is more pronounced. The
fact that no residual silicon is detected in the product
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from the sawdust, while residual silicon in the product
from the reference milled powder is still a major phase
after the equivalent thermal process, as can be seen from
Figure 5, also supports the above suggestion.

As to the reason(s) for the extra heat generation dur-
ing the nitridation of silicon sawdust, further studies are
required. Crystallization of a significant portion of the
amorphous phase in the sawdust, as indicated by Fig-
ure 3, which is generally known to release heat, is a pos-
sible reason. In the DSC and TGA curves of the sawdust
at a lower temperature (1300 °C), the extra exothermic
peak and the corresponding acceleration of nitridation
are found to be delayed by =20 min, with the DSC peak
becoming smoother. This agrees with the above sugges-
tion as due to a decrease in the temperature, the crystalli-
zation is delayed.'*

The remarkably high reaction rate of the sawdust sili-
con is doubtlessly a significant advantage. However, for
most applications of Si;N, powders in the manufacturing
of structural ceramics, the a-phase is preferred for its
transformation to the $-phase during high-temperature
sintering, enhancing the densifying process.'>'7 So, a
method to enhance the formation of the a-phase instead
of § -phase is required. Actually, at the industrial scale of
the nitridation of ground silicon powders, a high propor-
tion of the B-phase is also a problem due to the facts that
the nitridation of silicon is always strongly exothermic
and the size of packing in the production is inevitably
large.

The control of the nitridation rate is crucial here.
Current practices include dilution of the gas by adding
an inert gas or dilution of the solid by mixing SizN4 pow-
ders with the silicon powders.'®! Lowering the process
temperature may also help, but it is unfortunately infeasi-
ble for the production involving ground silicon as the
process may become unacceptably lengthy, as we can see

® 0-Si3N4 m $-S13N4
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Figure 7: XRD patterns of the nitridation products obtained from sili-

con sawdust at different positions of the sample stack in the crucible:

a) the top layer, b) the inner part. Refer to Figure 1 for the nitridation
process, in which the dwell temperature is 1300 °C
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from the fact that in the current experiment, most of sili-
con remained unchanged after a three-hour exposure to
1380 °C.

For the silicon sawdust with a remarkably high reac-
tion rate, we chose to lower the process temperature to
prevent an excessive temperature rise, which stimulates
the formation of the f-phase. A nitridation experiment
with the dwell temperature lowered to 1300 °C was car-
ried out. The XRD patterns of the resultant products for
the top layer and inner part of the packed sample powder
are presented in Figure 7. As we can see, the a-SizN,
phase becomes overwhelmingly dominant, though a
small amount of residual silicon is also present. Table 2
lists the phase constitutions obtained on the basis of the
XRD patterns. The amounts of the residual silicon and
[-Si;Ny phase in both the top layer and inner part of the
sample stack from the crucible are within, or just slightly
over, the acceptable limits for most silicon nitride ce-
ramic products. It is quite encouraging that with a signif-
icantly lower processing temperature, the time required
is still much shorter than that of the nitridation of the
ball-milled silicon used to reach the same low level of re-
sidual silicon.

Table 2: Phase constitutions of the nitridation products of the silicon
sawdust at different positions of the sample stack in the crucible
(w/%), as obtained from the XRD data in Figure 7

a-Si3N4 ﬂ-Si3N4 Si
The top layer 97.9 1.1 1.0
The inner part 95.0 3.9 1.1

4 CONCLUSIONS

Based on the present studies, we conclude that:

A layer of amorphous silicon is present on the parti-
cles of the silicon sawdust generated during the sili-
con-wafer production with diamond wire sawing, result-
ing in a significant amount of amorphous silicon phase in
the sawdust. In addition, there is a lattice distortion in the
crystal portion of the sawdust powder.

Nitridation of purified silicon sawdust is generally
much faster than for the conventional ball-milled silicon
powder, even when the process temperature is signifi-
cantly lower.

An extra exothermic process accompanied by an ac-
celeration of nitridation occurs in an early stage of the
nitridation of the sawdust silicon, presumably because of
the crystallization of the amorphous phase of the silicon
sawdust. It enhances the -Si;N, phase formation at
1380 °C.

A successful preparation of high-purity -SisN4 phase
powders was achieved using the nitridation of silicon
sawdust at a relatively low temperature, 1300 °C, in only
3 h. The amount of the a-phase obtained was higher than
95 w/% and the amount of the residual silicon was re-
duced to 1 w/%.
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