Description Title of Invention MOLD FOR CASTING POLYCRYSTALLINE SILICON INGOT, AND
SILICON NITRIDE POWDER FOR MOLD RELEASE MATERIAL THEREOF, SLURRY CONTAINING
SILICON NITRIDE POWDER FOR MOLD RELEASE LAYER THEREOF AND MOLD RELEASE
MATERIAL FOR CASTING THEREOF Technical Field [0001] The present invention relates to a
mold for casting a polycrystalline silicon ingot, and a silicon nitride powder for a mold release material
thereof, a slurry containing a silicon nitride power for a mold release layer thereof and a mold release
material for casting thereof. Background Artbi0902} ption

Title of Invention

MOLD FOR CASTING POLYCRYSTALLINE SILICON INGOT, AND SILICON
NITRIDE POWDER FOR MCLD RELEASE MATERIAL THEREOE, SLURRY
CONTAINING SILICON NITRIDE POWDER FOR MCLD RELEASE LAYER

THEREQOF AND MOLD RELEASE MATERIAL FOR CASTING THEREOF

Technical Field
0001}

The present invention relates to a mold for casting a
pelycrystalline silicon ingot, and a silicon nitride powder
for a mold release material thereof, a slurry containing a
silicon nitride power for a meld release layer therecf and

a mold release material for casting thereof.

RBackground Art
[0002]

A polycrystalline silicon has been widely used for one
type of semiconductor substrates for forming a solar battery
and the production volume thereof has been rapidly increased
every year. Such a polycrystalline silicon 1s generally
formed by pouring and solidifying a silicon melt heated to
melt at high temperature into a mold of a gquartz crucible,
a divisible graphite crucible or a quartz crucible
accommedated into a graphite crucible, of which the inner

surface of which is appliedwith amocld releasematerial using



A polycrystalline silicon has been widely used for one type of semiconductor substrates for forming a
solar battery and the production volume thereof has been rapidly increased every year. Such a
polycrystalline silicon is generally formed by pouring and solidifying a silicon melt heated to melt at
high temperature into a mold of a quartz crucible, a divisible graphite crucible or a quartz crucible
accommodated into a graphite crucible, of which the inner surface of which is applied with a mold
release material using a spray, a brush or a spatula or by adding a silicon raw material to a mold
followed bysmeftingwnce anelthen selidifyingaagdin. [0008]y =dBhe:mold eeleasesmatesial prevents a
silicon ingot from contaminating with impurities or prevents a silicon melt from adhering to the inner
wall surface®f actadibledorcasting, drd-prays animpbfadtifofe o 1efeadBd dkdified silicon ingot
from a mold. Sych,a mold release material used includes a high-purity powder of silicon nitride, silicon
carbide, antisilicon okide? of & Miked power thereof in terms of generally a high melting point of the
powder ther%@yp low contamination of a silicon ingot. In the past, many researches have been
carried out to develop a method of forming a mold release material layer on the inner surface of a
mold, a method of producing a-mokchwithrsuch treatment vand-a methddi ofopradueing arsiticon ingot
using the mold thereof in order to increase the productivity of a silicon ingot. [0004

contaminating with impurities or prévents a siliconhmelt from

adhering to the inner wall surface of a crucible for casting,

and plays an important role to release a solidified silicon

ingot fromamold. Suchamoldreleasematerial used includes

a high-purity powder of silicon nitride, silicon carbide, and

silicon oxide or a mixed power therecf in terms of generally

a high melting point of the powder thereof and low

contamination of a silicon ingot. In the past, many

researches have been carried out to develop a method of

forming a mold release material layer on the inner surface

of a mold, a method of producing a mold with such treatment,

and a method of producing a silicon ingot using the mold

thereof in order to increase the productivity of a silicon

For example, Patent Literature 1 describes that in
production of a silicon ingot, peeling of parts of a mold
release layer making a silicon melt contact with a meld and
contamination of a silicon melt with a peeled preduct are
effectively prevented by eliminating in advance aggregation
of silicon nitride particles in a slurry using a silicon

nitride powder SN-E10 made of Ube Industries, Ltd. produced



For example, Patent Literature 1 describes that in production of a silicon ingot, peeling of parts of a
mold release layer making a silicon melt contact with a mold and contamination of a silicon melt with a
peeled product are effectively prevented by eliminating in advance aggregation of silicon nitride
particles in a slurry using a silicon nitride powder SN-E10 made of Ube Industries, Ltd. produced by
an imide thermal decomposition method, thereby uniformly adhering a slurry including silicon nitride
particles coated with the oxide film to the inner surface of a mold base body so as to make the surface

of the moldyglease laygeflah and:using thenmeleiwith the: molds release: layer farmetbhergwith for
production of a silicon ingot. [0005] Patent Literature 2 also describes, for example, a method of
forming a mold ¢eléngedayénhavingre twoliayer sirbéwed in Whidithedensityis adpgtéd th order to

provide both good adhesign to a mold and good release properties of a silicon jingot, and.a method of
3 R4 therets, RRAGONT 5t 12

fusing the Mot teferse fMtistial colitdifing SliddH 6%ide atbad theretd. Bration T it PAISHt Literatures
[0006]

so as to make the surface of the mold release layer flat, and
using the mold with the mold release layer formed herewith
for preoduction of a silicon ingot.

[0005]

Patent Literature 2 also describes, for example, a
method of forming a mold release layer having a two-layer
structure in which the density is adijusted in order to provide
both good adhesion to a mold and good release properties of
a silicon ingot, and a method of fusing the mold release

material containing silicon oxide added thereto.

Citation List
Patent Literatures
[0006]
Patent Literature 1: Japanese Patent Application
2008-532114 (WO 2008/026688 Al)

Patent Literature 2: JP 2005-95824 A

Summary of Invention
Technical Problem
[0007]
However, in Patent Literature 1, though a silicon
nitride powder SN-E1C used has the specific surface area in -

a range of from 9.5 to 12.5 m?/g and the median particle



Patent Literature 1: Japanese Patent Application 2008-532114 (WO 2008/026688 Al) Patent Literature
2: JP 2005-95924 A Summary of Invention Technical Problem [0007] However, in Patent
Literature 1, though a silicon nitride powder SN-E10 used has the specific surface area in a range of
from 9.5 to 12.5 m2/g and the median particle diameter of the short axis of approximately 0.2 pm
determined by a scanning electron microscope (SEM) image, oxidation treatment of the surface of a
silicon nitride powder causes aggregation thereof to form an aggregated body with the median particle

diameter of gupreximately Q.7.bay,in.a particle size disgribufion. 19 elimingie such aggregation, a

process of grinding a slurry after preparation is required, and furthér even'if a slurry is ground for long
hours in a Wwet kallsmiintheredian particte diametercofEartidestin theshwrry canndd béseduced to the
original value of 0.2 pm in a particle size distribution and to the contrary, reaggregation of particles
proceeds. treatment of the surface of a silicon nitride powder causes
aggregation thereof to forman aggregated body with the median
particle diameter of approximately 0.7 pm in a particle size
distribution. To eliminate such aggregation, a process of
grinding a slurry after preparation is required, and further
even if a slurry is ground for long hours in a wet ball mill,
the median particle diameter of particles in the slurry cannot
be reduced to the original value of 0.2 um in a particle size
distribution and to the contrary, reaggregation of particles
proceeds.
[0008]

When a slurry is dispersed in water only by agitatiocon
without a grinding process and then applied by spraying,
aggregated particles remain in a mold release layer as they
are, resulting in uneven distribution of the dense site and
low density site in the mold release layer, and in the low
density site in the mold release layer, the bonding fozxce
among powders constituting the mold release material is small,
thereby reducing the strength of amold releasematerial layer
as well as lowering the adhesion to a mold to peel easily.
There are such prcblems as a mold release layer prepared by
such a method is brittle and easily peeled and broken, a
siliconmelt is penetrated into a low density site in the mold
release layver to adhere to the inner wall of a casting crucible,

thereby generating fragments when releasing a solidified



[0008] When a slurry is dispersed in water only by agitation without a grinding process and then
applied by spraying, aggregated particles remain in a mold release layer as they are, resulting in
uneven distribution of the dense site and low density site in the mold release layer, and in the low
density site in the mold release layer, the bonding force among powders constituting the mold release
material is small, thereby reducing the strength of a mold release material layer as well as lowering the
adhesion to a mold to peel easily. There are such problems as a mold release layer prepared by such

a method is britfle and;easily pegled.ang broken..a siliconymelt is penetrated into a low density site in
the mold release layer to adhere to the inner wall ofa casting crucible, thereby generating fragments

when releasingCegolidified silicon ingot and reducing a yield. [0009] In the method according to
Patent Literature 2, a method of forming the mold release layer havinga two-layer atructure with

different densities and & ¥R&tRSE BFafisting tRE rhold fdisade taye? by Bdtifhg sificBi bRide are
complicated,apd fhere Are, SUEh problerns as an increase, i (e Argeess.variables inuproguction leads

to higher costs anénégr%lstency in the quality of a mold release layer is not high resulting in needs to
simplify the,presess, reduea,eosts nand: inapravedhe rekiability of fuadityofthe meld¢etease layer.

10010] release layer by adding silicon oxide are complicated, and
there are such problems as an increase in the process
variables in production leads to higher costs and consistency
in the quality of a mold release laver is not high resulting
in needs to simplify the process, reduce costs, and improve
the reliability of gquality of the meld release layer.
(0010}

The present invention has been made in view cf the
foregoing problems and it is an object of the present
invention to provide a mold for casting a polycrystalline
silicon ingot, and a siliconnitride powder for amold release
material thereof, a slurry containing a silicon nitride power
for a mold release layer thereof, and a mcld release material
for casting thereof, which can be obtained in low cost and
have excellent adhesion to a mold, and prevents the formation
of fragments and damage when releasing a solidified silicon
ingot, forming a silicon ingot with high guality and in high

vield.

Solution to Problem
[0011]

The present inventors conducted extensive studies to



The present invention has been made in view of the foregoing problems and it is an object of the
present invention to provide a mold for casting a polycrystalline silicon ingot, and a silicon nitride
powder for a mold release material thereof, a slurry containing a silicon nitride power for a mold
release layer thereof, and a mold release material for casting thereof, which can be obtained in low
cost and have excellent adhesion to a mold, and prevents the formation of fragments and damage
when releasing a solidified silicon ingot, forming a silicon ingot with high quality and in high yield.

Solution to £xoklen [ROEL]- Ehe-present iventess:conductadexiensive istugdies to::solve the foregoing
problems and as a result, have found that a specific silicon nitride power is excellent as a mold release

material foprodaction.of & silidorringot. thdréby feawing totheprésentirivention. Tivatds, the present
invention provides a silicon nitride powder for a mold release material ofa mold for casti%gz
ular

polycrystalfirie-§ificsh Tyot ER&ractetzdalin T the Petdeftate of prithary Particlss of §
crystals m%@&'@ﬁgse@ointp&avd@;% S0t lessfban Ba%6 in terms of the qrea ratig caleulated by

analysis of an SEMimage. [0012] The present invention also provides a slurry containing a silicon
nitride powelerfer airveld reledse:layerxafla moldfor easting apolycrystallinecsilicar ingoat,«n which the
silicon nitride powder for a mold releasematerial of the mold for casting the polycrystalline silicon ingot
is dispersedtart vater] rnaldireléhse matetial fof aBig, Which édntaind & siiiteR hitdde powder for a
mold Fe'eajc%%"%%r%aé’faal”zd?% mold for Eaéﬂre‘fggae%%'é%ﬁ‘{%{g'é'”oefs%'_%‘%?n'a“ ot in which 3 mold release
layer including the mold release matérial is formed on Inner surface thereof.

granular crystals monodispersed in powders is not less than

95% in terms of the area ratio calculated by analysis of an

SEM image.

[0012]

The present inventionalso provides a slurry containing

a silicon nitride powder for a mold release layer of a mold

for casting a polycrystalline silicon ingot, in which the

silicon nitride powder for amold release material of the mold

for casting the polycrystalline silicon ingot is dispersed

inwater, amold release material for casting, which contains

a silicon nitride powder for a mold release material, and a

mold for casting a polycrystalline silicon ingot in which a

mold release layer including the mold release material is

formed on the inner surface thereof.

Advantagecus Effects of Invention
[0013]

As described above, the present inventilon can provide
a mold for casting a polycrystalline silicon ingot, and a

gilicon nitride powder for a mold release material thereof,



Advantageous Effects of Invention [0013] As described above, the present invention can provide a
mold for casting a polycrystalline silicon ingot, and a silicon nitride powder for a mold release material
thereof, a slurry containing a silicon nitride powder for a mold release layer thereof, and a mo d
release material for casing thereof, which can be obtained in low cost and have excellent adhesion to
a mold, and prevents the formation of fragments and damage when releasing a solidified silicon ingot,
forming a silicon ingot with high quality and in high yield. Brief Description of Drawings [00141 Fig.

1 is a schematic view,showing a-jigused in measuring the deasity-afa-grees compast ef a crystalline
silicon nitride powder pressed at uniaxial pressure.
release layer thereof, and amold release material for casing
thereof, which can be obtained in low cost and have excellent
adhesion to a mold, and prevents the formation of fragments

and damage when releasing a solidified silicon ingot, forming

a silicon ingot with high quality and in high yield.

Brief Description of Drawings
[0014]

fig. 1 is a schematic view showing a jig used in
measuring the density of a green compact of a crystalline
silicon nitride powder pressed at uniaxial pressure.

Fig. 2{a) is a field emission scanning electron
microscope (FE-SEM)} photograph showing one example of a
cross—-section of a mold release layer formed by applying a
silicon nitride powder. Fig. 2(b) is a drawing obtained by
tracing a contour of crystalline silicon nitride particles
inorder to calculate the area ratio occupied by menodispersed
primary particles of granular crystals.

Fig. 3 is a photograph showing the peeling status of
a mold release layer to study the peel strength of the mold
release layer.

Fig. 4 is a cross-secticonal photograph showing an
example of the status of a silicon melt penetrating into a
mold in Example 3.

Fig. 5 i1s a cross-sectional photograph showing other

example of the status of a silicon melt penetrating into a



Fig. 2(a) is a field emission scanning electron microscope (FE-SEM) photograph showing one example
of a cross-section of a mold release layer formed by applying a silicon nitride powder. Fig. 2(b) is a
drawing obtained by tracing a contour of crystalline silicon nitride particles in order to calculate the
area ratio occupied by monodispersed primary particles of granular crystals. Fig. 3isa
photograph showing the peeling status of a mold release layer to study the peel strength of the mold
release layer. Fig. 4 is a cross-sectional photograph showing an example of the status of a silicon

melt penetrating inte. agplddn &xampledamp 1 Eigs 5 is a cross-sectional photograph showing other
example of the status of a silicon melt penetrating into a mold in Comparative Example 4. Fig. 6 is
a photograph showriggan@®xamplebpthedsstatls clheembldiand & SHEen hgot whén $ékasing the silicon
ingot from a mold in Example 3. 7 is a photograph showin %H’]GF exam le of the status of a

... Fig..
mold and a%iliéof THgofivheh ?é%éﬁﬁlégtﬁggﬁﬁo‘ﬁ ngot %%Fnag mofd in Comparative ExXample 3.

from a mold in Example 3.

Fig. 7 is a photograph showing other example of the
status of amold and a silicon ingot when releasing the silicon
ingot from a meold in Comparative Example 3.

Fig. 8 is a graph showing a volume-based particle size
distribution, determined by the laser
diffraction/scattering method, of raw material powders of
amorphous silicon nitride before grinding obtained in a
process of Example 1 and amorphous silicon nitride powders
after grinding under the condition of Example 2 and

Comparative Example 4.

Description of Embodiments
[0015]

A silicon nitride powder for a mold release material
according to the present inventicon isa siliconnitride powder
used as a mold release material for a mold for casting a
polycrystalline silicon ingot, characterized in that the
percentage of primary particles of granular crystals
monodispersed in the silicon nitride powder is not less than
85% in terms of the area ratic calculated by analysis of an
SEM image. Granular crystals of a silicon nitride powder
denote the particles which are not needle-like crystals or

columnar crystals but hexagonal crystals and have the aspect



Fig. 8 is a graph showing a volume-based particle size distribution, determined by the laser
diffraction/scattering method, of raw material powders of amorphous silicon nitride before grinding
obtained in a process of Example 1 and amorphous silicon nitride powders after grinding under the
condition of Example 3 and Comparative Example 4. Description of Embodiments [0015] A silicon
nitride powder for a mold release material according to the present invention is a silicon nitride powder
used as a mold release material for a mold for casting a polycrystalline silicon ingot, characterized in

that the percentage-of primnary partigles off granularcrystals menadispersed i the silicancnitride
powder is not less than 95% in terms of the area ratio calculated by analysis of an SEM image.
Granular crijstals ofd silicoheritsicl e powdeérdenotecthd pagticles Whithr arenat haedietikercrystals or
columnar crystals but hexagonal crystals and have the aspect ratio of no more than 1.5. Since a

silicon nitridé fofdar B AmoriTefedse Mafttal-566briing o e BreSeRFinvefitidh s &higher ratio
of a silcon e eavIenceURIed V‘gaetthpgﬁghg feleage jayerwhen the mold release layey is formed, a

mold release layer densely pac adhesive strength can beformed at low cost on the
inner wall of axpold feecasting a sillean ingat; prevepting the formatian bf sfagmentssaind:-damage
when releasing a solidified silicon ingot to form a silicon ingot with high quality and in high yield. [0016]
Since a mofd-for easting apblychystalfine sHicomrirges Which tisesia sy 'contaiing &Silieon nitride
powder for a mold releftrsle Iayesrl E%rdingitg th% pres}gag;[f ienr\llgggon Iﬁqa]‘é)rrpoarmgjcdireéeaosg layer and
which containé aThold refease Matefidl for cags(fing USES %liiconhitride powder mc?uding a higher
percentage:Qf primary pagicles,ah.oranulanerystals monodisparsedin @ malddelease dayer, the mold is

ingot teo form a silicon ingot with high quality and in high

yield.

[001¢6]

Since amold for castingapelycrystalline silicon ingot

which uses a slurry contalning a silicon nitride powder for

a mold release layer according to the present invention te

form a mold release layer and which contains a mold release

material for casting uses a silicon nitride powder including

a higher percentage of primary particles of granular crystals

monodispersed in a mold release layer, the mold is

characterized in that there are few particles such as

needle-like crystals or aggregated fine particles preventing

densification of the mold release layer in the case in which

a conventional siliconnitride powder is used, but the density

cf silicon nitride particles in the mold release layer is

uniform and dense and the adhesive strength between the mold

release layer and a mold is high when the mold release layer

is formed. Therefore, penetration of a silicon melt into a

mold can be prevented to improve themeld releasing properties



characterized in that there are few particles such as needle-like crystals or aggregated fine particles
preventing densification of the mold release layer in the case in which a conventional silicon nitride
powder is used, but the density of silicon nitride particles in the mold release layer is uniform and
dense and the adhesive strength between the mold release layer and a mold is high when the mold
release layer is formed. Therefore, penetration of a silicon melt into a mold can be prevented to
improve the mold releasing properties of a solidified silicon ingot which can be obtained in high yield.
[0017]  Assilicen nitride-pawder: for agnold relaasgqmaterial acgarding toithe presentiigyention is
characterized by having a high density in a green compact, and for example, the density of a green
compact pressediat a uniaxial pressure of 2 tons/cm2 is from 51 to 57% of a theoretical value. The
density in a green compact pressed at a uniaxial pressure of 2 tons/cm2 is obtained by filling 0.65 g of
the sample ﬁ% 4’mald with an inner diameter of 13 (Pmm in the jig used for measuring the density of a
green compact preparegy  nia(al pressue, lopess According {09 Lpressing 19 .
predetermined pressure in 30 seconds, and maintaining the pressure for 10 seconds, followed by
releasing the-pressureand determining the volusme: thereof and thenealcuating from-the sneasured
value and a theoretical density of 3.186 g/cm2 for a silicon nitride powder sample. When the
percentageoh irhstisrersediptimanqaktieiesrof gtanalad &y stals opeldw BB% §¢ fetiisiof the area

ratio calculatgd from anaéysis of an SEM imggae the densit%l/ Olf a green com@a%t prepar d by a uniaxial

pressure pr% S8 BESOMeS tRTSW STo% T the pr?maa}f/nﬁ”éarﬁc & diameter of the powder fifle. Therefore,

itis undesirable-singe the density.of.the;mold.release layerjg reduceds gcbonding fojce among
powders constituting the mold release layer is low, and the adhesive strength of the mold release layer
is decreaseglras:welt asiadhesipnda aatiolalts #educesbard] ther mofd: retease I&yéoisda/rkttté and easily
peeled and broken, and a silicon melt penetrates into the mold release layer to adhere to the inner wall
of a casting-&rueiblegéstating fragments Whér réleasingesSrfifetSsificorfingst: thefeby lowering a

yield. The density of a %reen compact %r%pzﬁaredjpx%ktlmlamal pressure process using atsglé:on nitride

powder of RichtHE hr&a FAtfo-6dcdpied by Mbrodispersed primary partdies of grandlar crystals is not

less than 95%yis 57 % atrmaxipd®n [QQ48bact prepared by a uniaxial pressure
process according to Fig. 1, pressing to a predetermined
pressure in 30 seconds, and maintaining the pressure for 10
seconds, followed by releasing the pressure and determining
the volume thereof, and then calculating from the measured
value and a theoretical density of 3.186 g/cm’ for a silicon
nitride powder sample. When the percentage of monodispersed
primary particles of granular crystals is below 95% in terms
of the area ratio calculated from analysis of an SEM image,
the density of a green compact prepared by a uniaxial pressure
process becomes below 51% 1f the primary particle diameter
of the powder is fine. Therefore, it is undesirable since
the density of the mold release lavyer is reduced, a bonding
force among powders constituting the meold release layer is
low, and the adhesive strength of the moid release layer is

decreased as well as adhesicon to a mold is reduced and the

10



Generally, a silicon nitride powder which can form a green compact with the high density of from 51 to
57% prepared by a uniaxial pressure process can be obtained by grinding a silicon nitride powder with
a grinding machine such as an attritor followed by the refining process. However, most of the silicon
nitride powder, which was subjected to the refining treatment, become aggregated particles and
furthermore a large amount of metallic impurities remain so that the silicon nitride powder is not
preferred as a mold release material constituting a mold release layer. [0019] A silicon nitride

powder foradnald-eieasednateyial-aceorsiing toltbeprasentdnvention-qanibe odtained by thermally
decomposing a nitrogen-containing silane compound obtained by reaction of a silicon halide with
ammonia t@yiélé aplamephous silicasifridetsowder-follbive s caltation forérystallization (imide

thermal d it thod) or by grinding and classifyjng a bulk qf silicon nitride powd
obtained o AN NFBAIOR of LI Elcon Bowterd (et kiR e oRs 100201 - As the

imide therma] decamposition-methaod, there are,for; example, metheds, described ﬁmé%g@(??%fi A, JP
2907367 A, and JP 3282456 A, in which a nitrogen-containing silane compound described in JP
3077870 Aandeiuspdzas/asaw matetial fosraniamorphous siticon nittide powder.epared

by a uniaxial pressure process using a silicon nitride powder

of which the area ratio occupied by monodispersed primary

particles of granular crystals 1s not less than 95% is 57%

at maximum.

[oc18]

Generally, a silicen nitride powder which can form a
green compact with the high density of from 51 to 57% prepared
by a uniaxial pressure process can be cbtained by grinding
a silicon nitride powder with a grinding machine such as an
attritor followed by the refining process. However, most of
the silicon nitride powder, which was subjected tc the
refining treatment, become aggregated particles and
furthermore a large amount of metallic impurities remain so
that the silicon nitride powder is not preferred as a mold
release material constituting a mold release layer.

[0019]

A silicon nitride powder for a mold release material
according to the present invention can be obtained by
thermally decomposing a nitrogen-containing silane compound
obtained by reactionof a silicon halide with ammonia to yileld
an amorphous siliceon nitride powder followed by calcination

for crystallization (imide thermal decomposition method) or

11



[0021] In production of a silicon'e powder by the direct nitridation method, a bulk of a nitridated product
has to be finely ground and long hours are required for grinding and the powder is contaminated with a
large amount of metallic impurities of a grinding media, and not less than several hundreds ppm of
metallic impurities still remain even if the powder is treated with a mineral acid for refinement after
grinding. In particular, the material with high hardness used in a grinding media contains a large
amount of multivalent metals such as Cr and W nearly insoluble in a mineral acid used in refinement,
thereby leaying ailargeramenat of them aftenrefinementsFhetefdres the imidedhesmabidecomposition
method is superior as a method for preparing a silicon nitride powder for a mold release material used
in the presentiavertione JO0PRF AGitrogen-E6atairfiig Sifafe E6rhpéing as aGalv RAEHRT For the imide
thermal decomposition methogda%{wcludes sjtli}(%gré1 diimide (Si(NH)z), silicon tetramide, silicon nitride

imide, and Sfic6F chiofd imide *THEE: &6t

hese compoun)d's can be produced by a prior art method, for example,
the method,gfreagting in gas phase a silicon halide such as silicon tetrachloride, silicon tetrabromide,
silicon tetraiodide with ammonia and a method of reacting the liquid silicon halide with liquid ammonia.
An amorphous silicen nitridel powidertisatse 1 decomposition method, there are,

for example, methods described in JP 2907366 A, JP 2907367
A, and JP 3282456 A, in which a nitrogen-ceontaining silane
compound described in JP 3077870 Acan be usedas a rawmaterial
for an amorphous silicon nitride powder.

[0021]

In production of a silicon nitride powder by the direct
nitridation method, a bulk of a nitridated product has tc be
finely ¢ground and long hours are regquired for grinding and
the powder is contaminated with a large amount of metallic
impurities of a grinding media, and not less than several
hundreds ppm of metallic impurities still remain even if the
powder is treated with a mineral acid for refinement after
grinding. In particular, the material with high hardness
used in a grinding media contains a large amount of
multivalent metals such as Cr and W nearly insoluble in a
mineral acid used in refinement, thereby leaving a large
amount of them after refinement. Therefore, the imide
thermal decomposition method ig superior as a method for
preparing a siliconnitride powder for a mold release material
used in the present invention.

(00227

Anitrogen-containing silane compound as a rawmaterial

12



produced by the prior art method, for example, a method of thermally decomposing the
nitrogen-containing silane compound under an atmosphere of the nitrogen or ammonia gas at a
temperature range of from 1,200 to 1,46000 and a method of reacting a silicon halide such as silicon
tetrachloride, silicon tetrabromide, and silicon tetraiodide with ammonia at high temperature. [0023]
The particle size and particle shape of a silicon nitride powder for a mold release material according to
the present invention can be controlled by, for example, adjusting in the imide thermal decomposition
method therhgating:temperature-of thermaldesoniposition inpreparation bk asamerpheds silicon
nitride powder and the crystallization rate with an oxygen content and adjusting the particle growth rate
with the terfipératgre élevatich rate inicalcination foraarystallization.daeis prefarradthatithé specific
surface area value of monodisvﬁ/ersed,pri,rﬁary particles of granular rystals ig €gld}!'gsted to be from 0.5 to

13 m2/g. IFASiliEon hitide POWABPWItA HHE speific Shrfaca Bred VHu& BRIGW 055 ARy ive
pefcentagqa%fh%gsqgﬁgatfda&a{tiﬂs%w@&c,h gre.fused togetherds ingreaseds Torprepars a silicon nitride

powder with ecific surface area exceeding 13 m2/g, the oxygen content in an amorphous silicon
nitride powder has torhesiacreasddi dherefore, particulates;of a silicon nitridezpowder ivith, the specific
surface area exceeding 13 m2/g is not preferred, since an increase of the aggregation force decreases
the percentabelgironGHisFersed pAmarny partics Strantiar ey stare &8 wellds ditirthéase of the

oxygen content ingreases the reactivity with a giicon.melt, 100241 , ., Fuahen, asiligonniide powder
for a mold release ‘material accordingto the présent invention can be obtained by reducing the amount

of the coarsg.aggregated padicles n g tregen-eentaining-silgae compound as-a gaw material and an
amorphous silicon nitride powder before calcinating for crystallization in the imide thermal

decompositiar thetkad LA nitfogepscontaining sikahe edmpobndsandranmerphoussilicon ritfide powder
have the specific surface area value of from 300 to 850 m2/g and contain a higher percentage of

aggregated-paTiRS LN WRER B4R e MY grégatéd Bﬁﬂf&?e‘%’rfo?llngs%jtﬁ&ﬁlgo% “4te contained in a
range of not less than 10%..The pressnce of coarse-a99regaiad paticles are a.cause of s

at a temperature range of from 1,200 to 1,460°C and a method

of reacting a silicon halide such as silicon tetrachloride,
silicon tetrabromide, and silicon tetraiodide with ammonia
at high temperature.
(00231

The particle size and particle shape of a silicon
nitride powder for a mold release material according to the
present invention can be controlled by, for example,
adiusting in the imide thermal deccomposition method the
heating temperature of thermal decomposition in preparation
of an amorphous silicon nitride powder and the
crystallization rate with an oxygen content and adjusting the
particle growth rate with the temperature elevation rate in
calcination for crystallization. It is preferred that the
specific surface area value of moncdispersed primary

particles of granular crystals is adjusted to be from 0.5 to
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simultaneously forming coarse particles by the abnormal grain growth, needle-like crystal particles and
fine aggregated particles, thereby forming particles uneven in grain size and grain shape and
precluding preparation of a silicon nitride powder with the uniform grain size. A silicon nitride powder
for a mold release material with a higher percentage of monodispersed primary particles of granular
crystals according to the present invention can be obtained by improving the grinding status of the
coarse aggregated particles followed by calcination. A method of reducing coarse aggregated particles
includes a methpd of grinding thg @9@&9%@&&%@6&%@@@% of an amorphous; silicon nitride
powder and a method of changing the condition in a thermal decomposition step of a
nitrogen-cogtairiing silane scompburd . e sitigort nifride’ powdehaftersarystaltizationodbtained by going
through a step for reducing the coarse aggregated particles before calcination for crystallization in this
manner coRtaMELRES Perédiitage BEcHarkeparticles  AéstIeAke Crystaliifie parti&ias Sd fine
aggregated particles, thereby. allowing for increasing the percentage of monadispers rimary
particles o?@a%ﬁ%?%%y%t%lss%‘ivl ﬁgﬁtnggijhgliﬁﬁg%d%og?é%ﬁdﬁgc eiSlteépl)ggf Ségébﬁe%ﬁgﬁl%?g%%oza
When aggregated particles are ground g a state oftanamorpfious:silicon nitiiderpovyderthe
aggregated particles have to be ground until there is no aggregated particle not less than 50 p.m. As
the grinding methorha piaferrdd nysthiod is & aethiod inewhick treamddiber Bhamsgedisalls for grinding
in a vibrating ball mill_is reduced to increase the volume-based ball fiI,Iigg ratio of the mill to from 80 to

90%, at whith’d Tt GHtRE pianetary moviétheRtdrrofition BRdTEvEILtion id ncréaset’ Ginding is
generally perforFed. by fling aconinuous-ypeqibiaring hall mil pdtbJesiozgoated ion palls at the

volume-base illing ratio of the mill from 60 to 70%, but this ordinary method leaves a larger
empty spacerin the vibrating mill makinggmerechallscmove freelys sesultinghia alongentimedor balls for
grinding to collide each other leaving the aggregated particles of amorphous silicon nitride powders
with the pariElerdinfribterdy e300 pria AYpadiElelsiZzedistrbUtivAN T4 e E6MEary, & nidthod of
reducing the n mbe{g of unused balls for rir%%itng ina vibratir&tg:ll mill.to increase t %\éolume-based
ball filling ratfo'of thE niift to oM B0 o G0%, At witich ATatiG 9f the planetary movement of rotation and

revolution is increased:can achieve a higher.gripding efficiency to reduce the particle diameter of
amorphous silicon nitride powders below 50 Rm in a particle size distribution. Exceeding the

volume-basgddsallifilling ratio of the mill above 90% is not preferred, since balls for grinding become
harder to move reducing the grinding efficiency, The number of needle-like cg@,}tals and aggregated

particles of crystalsiHer tfjstalfizatioh'Gibe it by Yiaingithe dydrgated paficiés in

s of orystalsTeR efetalfzdtioh cEbt e vechie Byl ; n
othod, yioHing STt Fa SouHer S HGher doney of  matlod Coaact 1 Sk he.

ensity o ed compact in which the
by reducing the amount of the coarse aggregated particles in

a nitrogen-containing silane compound as a raw material and
an amorphous silicon nitride powder before calcinating for
crystallization in the imide thermal decomposition method.
A nitrogen-containing silane compound and amorphous silicon
nitride powder have the specific surface area value of from
300 to 850 m*/g and contain a higher percentage of aggregated
particles, in which coarse aggregated particles not less than
50 pwm are contained in a range of not less than 10%. The
presence of coarse aggregated particles are a cause of

simultaneously forming coarse particles by the abnormal grain

growth, needle-like crystal particles and fine aggregated
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percentage of monodispersed primary particles of granular crystals is increased. [0026] A silicon
nitride powder prepared by the imide thermal decomposition method is fine particles, and while there is
a mild grinding step to reduce aggregation, a material of resin-coated metal balls and a silicon nitride
sintered compact are used as the grinding media to minimize contamination with metal impurities to a
very low level of not exceeding several ppm and to yield the powder suitable as a raw material for a
mold release material of a mold for casting a polycrystalline silicon nitride ingot. As described in JP

2007-261832 A+ the power genera '%@ﬂ%@%ﬁ@f@i@i@ é:@hig\;@grgﬁs?gabym@é%lgities
contained in a silicon ingot, particularly it is said that its decrease of the efficiency due to contamination
with multivaterstimetdis: isesignificantarnidithereffeots phthetpurity of asrawd inaterialpowded dself as a
mold release material on the power generating efficiency is also a common knowledge of one skilled in
the art so (RAIIS S It RS CoNEH RERibhWith Aietal fnplritiers prefértet s i material

powder for igon}old relgf\ae Ir‘%q!:%.g{al' [Orgg% ri '{h% Pﬁﬁcegt%gf%gf%gog%qj%%%%% Qri@ ry particles of
a

a . S .
granular crystals of the silicon nitride powder obtained as describe ove can be'readily determined

by observingan-SEMimageofiihe powderatinercnse of magnificatior. Speeifically, a sample powder
is added to an acetone solvent and dispersed by sonication bath to form a dilute acetone solution of
the sample pwhichditips oncart:-SEMglass slidel tovdry tfoflowed by vapeokdépasitibnof gold to obtain an
SEM image, in which dispersed particles can be observed. As similar to a method of calculating the

percentage SFR-SiicoRhifridfe Foeeupi&d mthehold Yeleala Tayer HeS&set 5&low, this SEM
image can he psed {o rage,a contowr gfa silican niftide partigle fo.calgulate-the aiga [afip using an

ImageJ software for image analysis.
coarse aggregated particles includes a method of grinding the
aggregated particles in a state of an amorphous silicon
nitride powder and a method of changing the condition in a
thermal decomposition step of a nitrogen-containing silane
compound. A silicon nitride powder after crystallization
obtained by going through a step for reducing the coarse
aggregated particles before calcination for crystallization
linthisn@nnercontainsealesspercentage<ﬂfcoarseparticles,
needle-like crystalline particles, and fine aggregated
particles, thereby allowing for increasing the percentage of
monodispersed primary particles of granular crystals without
going through a grinding step of aggregated particles.
10025]

When aggregated particles are ground in a state of an
amorphous silicon nitride powder, the aggregated particles
have to be ground until there is no aggregated particle not
less than 50 um. As the grinding method a preferred method
is a method in which the number of unused balls for grinding

in a vibrating ball mill is reduced to increase the
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[0028] A slurry containing a silicon nitride powder for a mold release layer according to the present
invention is a slurry in which the silicon nitride powder for a mold release material is dispersed in water
and applied to the inner surface of a mold for casting a polycrystalline silicon ingot to dry forming a
mold release layer. A slurry containing a silicon nitride powder for a mold release layer according to
the present invention can be obtained by adding the silicon nitride powder for a mold release material
to distilled water in a vessel, which is filled with balls made of silicon nitride to mix and grind for a

predetermined time -Using-a @inding and mixing maghine syehas a vibrating-ilh, adbalbmill, and a
paint shaker, or using an agitator with blades such as paddle blades and a high-speed rotation and

revolution type wikierwhen balisarefnathssedl] Arstiray gomairingea siliedn mitfidé powderfor a mold
release layer according to the present invention is applied, to the inner surface of a Quartz crucible

with the pordsity offroftf16 10 269% ¥F Bt critibie doddnifidddtad intd°s §raphite erodible as a
mold using 2,5p1a, p Brush, o 2.shatdia apdaried lthe lemerate pl rom;3,to 1206, followed by

heat treatment under atmosphere at a teniperature of from 800 to 1200C for a predetermined time to
fix a mold release fayet tea mMald-[0029]1s aA mold releasenmaterial forcasling alsilicon ingot
according to the present invention is a moldreleasernaterial constituting the mold release layer and
characteriz&d bjconfaifting arsiidort Mitdecfovider 1oF a maltl relfehSe twatenialieldied fthe present

invention. [(3030‘1es aAimold for cas%lng a silicon A“%?}ea%c%dig‘gf" thedpg;-%sent invention is a mold in

which the mdid réidase I%]f/gre i§ formed on the'irner surface tﬁereollti,gaﬁEl a@fc]%é“r?z%gl ih that the

percentage nf arsiligon,pitride pawder-gegupied,ip a meld J:%h@?é@: layerds high, sincea silieon nitride
powder with a higher percentage of primary particles of granular crystals monodispersed in the mold
release layeris uséedoWhendsiliconddtride partictedsawiti thevareg ratie okmonedispersed primary
particles of granular crystals to be not less than 95% is used, the area ratio of a silicon nitride powder

occupied inthé hicld Feletde fYRERIFOM 457td 6096 WhER HiaRATAHS Bf FhbnBdispérsed primary

particles of granular crystals 500 mare thap 9506, Mt e MAY. ¢ i st ribut son.

To the contrary, a method of reducing the number of unused
balls for grinding in & vibrating ball mill to increase the
volume-based ball filling ratio of themill to from 80 to 80%,
at which a ratic of the planetary movement of rotation and
reveolution is increased can achieve a higher grinding
efficiency to reduce the particle diameter of amorphous
gilicon nitride powders below 50 pm in a particle size
distribution. Exceeding the volume-basedball fillingratio
of the mill above 90% is not preferred, since balls for
grinding become harder to move reducing the grinding
efficiency. The number of needle-like crystals and
aggregated particles of crystals after crystallization can
be reduced by grinding the aggregated particles in amorphous
silicon nitride powders with a higher grinding efficiency as
compared to a conventional method, yielding silicon nitride

powder with a higher density of a molded compact in which the
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needle-like crystals and aggregated particles of fine particles resulting in the area ratio occupied by the
silicon nitride particles to be below 45%, reducing the bonding force among powders constituting the
mold release layer, and lowering the adhesive strength of the mold release layer as well as reducing
adhesion to a crucible making the mold release layer easily peeled, brittle and easily exfoliated and
broken, making a silicon melt penetrating into the mold release layer and adhering to the inner wall of
a casting crucible, and generating fragments and breakage when releasing a solidified silicon ingot,

thereby redugingza. ¥iglel: Whenithearea satiosefmgnodispersed prmary: parieleg of granutar crystals
is not less than 95%, there are less fine particles with a smaller diameter which can penetrate into a
space betweenparticiesi so that therared.ratio occupied by silicon nitride particles does not exceed
60%. Examples [0031] In the following, specific examples will be illustrated to describe the present
invention in‘MBredetail. [0032] In examples, the content of metal impurities in an amorphous

silicon nitride powdgr and  silican irde powder was quaniitaively analyzed hy thedndugtively
coupled plasma atomic emission spectroscopy (ICP-AES) after high pressure

decomposition method is fine particles, and while there is
a mild grinding step to reduce aggregation, a material of
resin-coated metal balls and a silicon nitride sintered
compact are used as the grinding media to minimize
contamination with metal impurities to a very low level of
not exceeding several ppm and to yield the powder sultable
as a raw material for a mold release material of a mold for
casting a polycrystalline silicon nitride ingot. As
described in JP 2007-261832 A, the power generating
efficiency of a solar cell is decreased by metal impurities
contained in a silicon ingot, particularly it is said that
its decrease of the efficiency due to contamination with
multivalent metals is significant and the effects of the
purity of a raw material powder itself as a mold release
material on the power generating efficiency is alsoc a common
knowledge of one skilied in the art so that it is said that
lower contamination with metal impurities is preferred as a
raw material powder for a mold release material.
[0027]

The percentage of monodispersed primary particles of
granular crystals of the silicon nitride powder obtained as
described above can be readily determined by observing an SEM

image of the powder at increase of magnification.
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decomposition with hydrofluoric acid. 0.2 g of a sample was weighed and placed in a Teflon
(Registered Trademark) bottle together with nitric acid and hydrofluoric acid, which was sealed with a
cap to digest with the acid under high pressure, followed by adding sulfuric acid and heating to
concentrate until fumes were generated, to which pure water and hydrochloric acid were added and
heated to dissolve soluble salts, followed by quantitative analysis of metals by ICP-AES. [00331

The percentage of a silicon nitride powder occupied in a mold release layer was determined by

embeddingath-an epaxy kesin aserugible o which asmoldielease fnaterial was appliedrdried and
calcined under atmosphere, taking an image of a cross-section of the mold release layer at 2000
magnificatiom dsind) sofietd ehissiors scamming. electrert microscopen(FE-SEM) & ithgstrtated in Fig. 2(a),
zooming the SEM image to 400%, tracing a contour of silicon nitride particles within a 20 tm square as

illustrated if Figtird 20 Srich GIEGHERAG the Aredlrdtio Ring Brifhagd) Somiarefor ffiag@ analysis. In
the percentage of prmaty, partisles af ranlar erysials moneclspessecin g mold refease faver, i the
rsed prim

same manner; a confour of monodisp ary particles in an SEM image was traced to calculate
the area ratig,using anmagedsoftware.fos dmage analysiss[00341 Jheqeseentage of monodispersed
primary particles of granular crystals of a raw material powder could be determined by adding the
sample powderid an hcetone sbivdm iwhidrwas Bispersed mesorcdtnchath fofér adilute acetone

solution of the sample, which was dripped on an SEM glass slide and dried, followed by vapor
deposition 8&&&&?@&1&“&1}?%&%% é&qnj\ﬁhﬁﬁ%igb%rgeg% hities 3&18%&3@5%‘?\%&%3 similar to

a method of,calgylating the pergentage of asiliqon nitidg powder geeunied in,the,mold selease layer
described above, this SEW image was used to trace a contour of silicon nitride particles to calculate
the area ratid usingramliagedssoftware fdramagecanadysisste the area ratio using

an ImageJ software for image analysis.

[0028]

A slurry containing a silicon nitride powder for a mold

release layer according to the present invention is a slurry

in which the silicon nitride powder for a mold release

material is dispersed in water and applied to the inner

surface of a mold for casting a polycrystalline silicon ingot

te dry forming a mold release layer. A slurry containing a

silicon nitride powder for a mold release layer according to

the present invention can be obtained by adding the silicon

nitride powder for a mold release material to distilled water

inavesszel, whichis filledwithballsmade of siliconnitride

to mix and grind for a predetermined time using a grinding

and mixing machine such as a vibrating mill, a ball mill, and

a paint shaker, or using an agitator with blades such as paddle

blades and a high-speed rotation and revcolution type mixer

when balls are not used. A slurry containing a silicon

nitride powder for a mold release layer according to the
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[0035] When the area ratio was confirmed by this method, it was found that the percentage of
primary particles of granular crystals monodispersed in a mold release layer is almost the same as the
percentage of primary particles of granular crystals monodispersed in raw material powders. [0036]
Further, the adhesive strength between a mold release layer and a mold was also evaluated as the
peel strength in a simple peeling test using a tape illustrated in Fig. 3. Specifically, a transparent resin
adhesive tape 18 mm wide was adhered to the surface of a mold release layer to slowly peel and

determine (e ¢ %%Pf erd?X"é‘hC*l ﬁ:%%@g’gree%; %?;aﬁ'ntge rglalivesalq fo.the contact.area for

adhesion to eva uate t streng peel e was determined by taking a picture of the

tape after peeleh followeddy using Aivlmagey softwareforimage analysis:descghad above. In this
case, the larger a percentage of the area of peeled, the peel strength is lower. The peel strength of a
mold releaseriagekdfavhichrasiicernt aitride powder 4eid. froldTaleilse mateAdl WA tHe'l@ea ratio of

monodispersed primar
P a ﬁ%ay,yé brush or a spatula and dried at the temperature

of from 30 to 120°C, followed by heat treatment under
atmosphere at a temperature of from 800 to 1200°C for a
predetermined time to fix a mold release layer to a mold.
[0029]

A mold release material for casting a silicon ingoet
according to the present invention is a mold release material
constituting the mold release layer and characierized by
containing a silicon nitride powder for a mold release
material related to the present invention.

(00307

A mold for casting a silicon ingot according to the
present invention is a mold in which the mold release layer
is formed on the inner surface thereof, and characterized in
that the percentage of a silicon nitride powder occupled in
a mold release layer is high, since a silicon nitride powder
with a hicgher percentage of primary particles of granular
crystals monodispersed in the mold release layer is used.
When silicon nitride particles with the area ratic of
monodispersed primary particles of granular crystals to be
not less than 95% is used, the area ratio of a gilicon nitride
powder cccupied in the mold release layer is from 45 to ©0%.
When the area ratio of monodispersed primary particles of

granular crystals is no more than 95%, there are many
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particles of granular crystals to be not less than 95% was used had the area of peeled to be no more
than 40% in the adhesion peel test with a tape, indicating good adhesive strength was obtained. When
the area of peeled exceeded 40%, the mold release layer was brittle and easily peeled or broken, and
a silicon melt could penetrate into a mold release layer to adhere to the inner wall of a casting crucible
and generate fragments when releasing a solidified silicon ingot, thereby reducing a yield. [0037]

The status of a silicon melt penetrating into a mold was evaluated, as illustrated in Figs. 4 and 5, by

observing an. EE:SEW, image of & cross-seetionefthe crucible bettoam after arsilicaremelt test to
assess the status of a silicon melt penetrating into a crucible. Fig. 4 is an SEW image of a

cross-sectipn of admeld reteasketiayer heat tive Tniciblebottomcat I0DaAdgrificaticH bsiAgan FE-SEW,
wherein the FE-SEW specimen was prepared by applying, as a mold release ateriLg;lI, a silicon nitride

powder with the SPECHR SuHacs Area S Y 8Y/d ard the GeRsiPof AR tombastpressed at
3{;?;@5;%%%%;&%&%&@“%5%9% 51,8% accerding to;Fxample 349 aquartz crugible with a

square and a depth of 4 tm and dried, followed by heat treatment under
atmosphere a4 400§ for4 bours andaadditiemef7b gofisiicanomhetat granules ta:ithercrugible, which
was kept under an Ar gas atmosphere at 1,450C for 1 hour, and then cooled to pull out, and releasing
a silicon ingstiflor @ craciblel Whickhas émbellded wWith Hh dpbkytaginsimitdify BFig. 2(a), whereas

Fig. 5 is an FE-SEM image of a cross-section of a mold release layer around the same, crycible
bottom, which Was Eﬁr?‘paa%g& bﬁf/au%f"r?tgy aff %f\f[lﬁ%(’) S%:%%n%l fidé %%Wedae? j\7vtllt\ﬁ tﬁé%s%ééﬁgeé%rface area
of 11.0 m2/9.and, the density-of a.gregncompagt presseqabwiaxaliprgssureof:2 tonsicm?2 to be
49.5% related to Comparative Example 4. [0038] Example 1 At first, a silicon nitride powder for a

mold releasesinaterial elated tekkampjle t was prepated ds:follows2A toluéne solatidri bba silicon
tetrachloride at concentration of 30% by volume was reacted with liquid ammonia to synthesize silicon

diimide, which\va8 Washed WithaiEicRarhRfoni AR BRSE yieTting SREsrT dfmideSAn amorphous
silicon releasing a solidified silicon ingot, thereby reducing a
yield. When the area ratio of monodispersed primary
particles of granular crystals is not less than 95%, there
are less fine particles with a smaller diameter which can
penetrate into a space between particles so that the area

ratio occupied by silicon nitride particles does not exceed

60%.

Examples
00311

In the following, specific examples will be illustrated
to describe the present invention in more detail.
[0032]

In examples, the content of metal impurities in an
amorphous silicon nitride powder and a silicon nitride powder
was quantitatively analyzedby the inductively coupled plasma

atomic emission spectroscopy (ICP-AES) after high pressure
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nitride powder was obtained by thermally decomposing the silicon diimide at 900C under a stream of a
mixed gas of air and nitrogen (oxygen concentration in a mixed gas was 2% by volume) at a flow rate
of 70 L/hour per 1 kg of the powder. [0039] The amorphous silicon nitride powder thus obtained by
thermal decomposition had a large specific surface area of from 300 to 850 m2/g and was obtained in
a form of a powder, in which the content of coarse aggregated particles not less than SO pm in a
particle size distribution was about 10%. Aggregated particles of the amorphous silicon nitride powder

obtained wgee-graynd in adigh-efficiency-eantingeus vibratng mill for,ghpding, 4@ yvhich metal balls for
grinding coated with a resin were added to adjust the volume-based filling ratio of the mill to from 80 to
90%, yielding anradorphibys! silicoh hitridelpdvder With tHesdianetel oEaggregatedpartickes to be
below 50 pm in measurement of a particle size distribution and with metal impurities contaminated to

be below 5 piF by F&dliciig! rittion betiEer ativder nd a matal fn aTéacetol miateridiHhd a device
for handling fhe Rowder 10040, +o IReAARAY? siigon tidepRYdes Basiaged g carbon

crucible and heated to elevate the temperature from ambient temperature to 1,100C in 3 hours, from
1,100 to 1,400G ai,80CHr, and from 4.,400.:t0:1k;550€ dnahours=anidke piatd; boRG torl bour, and
then cooled to pull out. The amorphous silicon nitride powder obtained was subjected to a mild
grinding processlof Aggfegated padicles in AcdntiiGousWiBFating T6ill 18 Witickk fitétal balls for grinding

coated with a resin were added fo, adjust the,volyme-based filling, ratia of the, mill to from.70 to 80%
yielding a gﬁ?é%h (?ﬁt?igjg 1E)Jo(\?vd‘ae? Jféjr a mroéTdargl%ggearﬁlgtﬁ%%&%rﬁ%ggt%sé'f:ln%fﬁesf{Uble

salts, followed by gquantitative analysis of metals by
ICP-AES.
[G033]

The percentage of a silicon nitride powder occupied in
amold release layer was determined by embedding with an epoxy
resin a crucible, to which amold release material was applied,
dried and calcined under atmosphere, taking an image of a
cross-section of themold release layer at 2000 magnificatiocn
using a field emission scanning electron microscope {FE-SEM)
as i1llustrated in Fig. 2(a}, zooming the SEM image to 400%,
tracing a contour of silicon nitride particles within a 20
pm square as illustrated in Figure 2(b), and calculating the
area ratio using an Imaged software for image analysis. In
the percentage of primary particles of granular crystals
monodispersed in a mold release layer, in the same manner,
a contour of monodispersed primary particles in an SEM image
was traced to calculate the area ratio using an Imaged
software for image analysis.

[0034]

The percentage of monodispersed primary particles of
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[0041] The specific surface area of the crystalline silicon nitride powder obtained was measured
by a surface analyzer of FlowSorb 2300 made of Shimazu Corporation to give 5.5 m2/g. The density of
a green compact pressed at uniaxial pressure of 2 tons/cm2 was 53.5%, whereas the area ratio of
monodi spersed primary particles of granular crystals was 98%. [0042] Tests of evaluating a mold
release layer including measurement of the peel strength of a mold release layer, measurement of the
area ratio of monodispersed silicon nitride particles in across-section of a mold release layer,

assessmeny of the status gk a siliconrmelt.penetrating inte, a.caucile, and Bssessment ofthe status of
a silicon ingot released from a mold were performed using the silicon nitride powder for a mold release

material. [00433 dd i firste 19agpflthecsilicommitride powdet forea swold eelease matériabsbtained, 40
g of distilled water, and 100 g of silicon nitride balls with the diameter of 10 (1)mm were placed in a

100 cc polyetif&Ts BOhY 16 YRAFRitH 8T&E Which wasTixed 10 APy MM o vibrate at the
amplitude (gér@%%ar%mf&qqm%}qf &S8OSR I D mUnuies fenmixing,to prepate a 23% by weight

aqueous slurry.

dried, followed by vapor depositicon of gold to take an SEM
image, in which dispersed particles could be observed. As
similar te amethod of calculating the percentage of a silicon
nitride powder occupied in the mold release layer described
above, this SEM image was used to trace a contour of silicon
nitride particles to calculate the area ratio using an Imaged
software for image analysis.

[0035]

When the area ratio was confirmed by this method, it
was found that the percentage of primary particles of granular
crystals monodispersed in a mold release layer is almost the
same as the percentage of primary particles of granular
crystals monodispersed in raw material powders.

[0036]

Further, the adhesive strength between a mold release
laver and a mold was also evaluated as the peel strength in
a simple peeling test using a tape illustrated in Fig. 3.
Specifically, a transparent resin adhesive tape 18 mm wide
was adhered to the surface of a mold release layer to slowly
peel and determine the area of peeled, which was compared as
the relative ratio to the contact area for adhesion to
evaluate the peel strength. The area of peeledwas determined

by taking a picture of the tape after peeled, followed by using
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The 20% by volume aqueous slurry described above was sprayed to coat a quartz crucible with the
porosity of 16% and the dimension of 5 cm square and the depth of 4 cm preheated at 40C and a
guartz plate made of the same material, and a cycle of drying at 40C and coating was repeated 4
times. The quartz crucible and the quartz plate after coating were dried at 40C overnight. After drying,
a mold release layer was glazed to the quartz crucible using a box-type electric furnace by elevating
the temperature to 1,100C in 4 hours under atmosphere and maintaining the temperature at 1,100C

for 4 hoursfollewed by lewering the temperatiue. thiekness of gash mald seleass;layer imthe crucible
and the plate was 150 Rm in an average of five measuring points. [0045] The quartz plate to

which the moltl vetease materidlavasglazatbwas sed to détérnsinethe peelistrehgth, the@ensity of
silicon nitride for the mold release_layer, and the percentage of monodispegi%ﬂ#rim ry particles of

granular cry§tas. AsTifistidted in F95 % a transparehit résht GHRedive tape Y c%ea\ﬁ/%s adhered
to parts of %’é‘g@felc‘ﬁs%l@’@ﬂ of the quartz, plate.glazed with s mold, releage material which was

slowly pee o determine the percentage of the area of peeled relative to the contact area for
adhesion. Measuremeni;okthearea of peeled was petfanmeddytaking ecpigtutenat-the tape after
peeled, followed by use of an ImageJ software for image analysis described above. The percentage of

the area of peEleliwas 20%. JoG46] The dersity vt silieon Aftride foremdld Feléase layf

used had the area of peeled to be no more than 40% in the
adhesion peel test with a tape, indicating good adhesive
strength was obtained. When the area of peeled exceeded 40%,
the mold release laver was brittle and easlily peeled or broken,
and a silicon melt could penetrate into a mold release layer
to adhere to the inner wall of a2 casting crucible and generate
fragments when releasing a solidified silicon ingot, thereby
reducing a yield,.
00377

The status of a silicon melt penetrating into a mold
was evaluated, as illustrated in Figs. 4 and 5, by observing
an FE-SEM image of a cross-section of the crucible bottom
after a silicon melt test to assess the status of a silicon
melt penetrating into a crucible. Fig. 4 is an SEM image of
a cross-section of a mold release layer near the crucible
pbottom at 100 magnification using an FE-SEM, wherein the
FE-SEM specimen was prepared by applyving, as a mold release
material, a silicon nitride powder with the specific surface
area of 11.8 m?/g and the density of a green compact pressed
at uniaxial pressure of 2 tons/cm® to be 51.8% according to

Example 3 to a quartz crucible with a dimension of a 5 cm square
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and the percentage of monodispersed primary particles of granular crystals were determined by
embedding parts of the glazed quartz plate with an epoxy resin, of which a cross-section was cut to
take an SEM image of a cross-section of the mold release layer at 2000 magnification using an
FE-SEM, zooming the SEM image to 400% to independently trace a contour of whole silicon nitride
particles within a 20 f.tm square and a contour of only monodispersed primary particles of granular
crystals, followed by calculating the area ratio using an ImageJ software for image analysis. The area

rattio of whole, silicop. pifrag particles 9{‘5"%?9%]91 whereas thesparcentage otmonadispersed primary

particles of granular Crystals was 98%. [0047 A quartz crucible glazed with a mold release layer

was filled withn(5:g8£9% 999%1pure sHicongranules with a:siae o8froms 20 smm; which,was heated,
using a box-type electric furnace, under a stream of an Ar gas and an atmospheric pressure to elevate
the temperdttire eI 000EHR I EEWS R front 1 D001OCE REGC i BHdurssshd fiaintaiiidirat 1,450C
for 4 hours, followed b% Iowerin%the temperature. After lowering the temdPerature, the crucible was

pulled out fmitfe Afthale 1P SHSEVE the reledsiNg statts of & Mol afd JisuRi obS&VE the status of

a silicon melt;penetrating:intqthe genterafithe crugible;bottom furthet followed:by,embedding the
center of the crucible bottom with an epoxy resin, which was cross-sectionally cut to take an SEM
image of crass<section ofid atbid retease Ryerab 100rmagnification aisiing an FESER(for observing
the penetrating status of a silicon melt. The evaluation results are shown in Table 1. Symbols for the

status of a Sh&HtrRRIE ﬁ&etﬁaﬁﬁga}ﬁﬂ A criitibieRorant £ méas fhat @double %ﬁ@e%?ﬁ%ol indicates
the silicon mel é@é’@%ﬁi@?”gg%{ﬁ%&aﬁbg surface of. U‘&@%’ﬁ;ﬁ!@@%ﬁa}y%hﬁ SKC'vei Symbol

indicates the silicon melt stopped Iits penetration within the mo ease layer, a triangle symbol

indicates a gmall amount hassikcomn mettwas pepetrated intoipartssef thewguartz.crdeible; and a cross
symbol indicates a silicon melt was penetrated through the quartz crucible to leak to the opposite
surface of crasiblef $ynibols for ¢he statusfofld sificen1Agetidlsased fromi- & meold meahahat a double

circle symbol indicates the silicon ingot was completely released from a mold without adhesion to any
parts of the RS SR SEETEE B Ao tIs S OBERAS Sl ghiy R st the

quartz cru_c%elgtétergle@geg 385?1@ mald..a g@gﬂﬁ%yrgpol indicates the silicon ingot was releasm_—:'_d
from the side of the quartz crucible but adhered to its bottom, and a cross symbol indicates the silicon
ingot was adhéreglito a whole quartz crucible and not released from a mold. [0048]
Example 1
At first, a silicon nitride powder for a mcld release
material related to Example 1 was prepared as follows. A
toluene solution of a silicon tetrachloride at concentration
of 30 % by volume was reacted with liquid ammenia to synthesize
gilicon diimide, which was washed with ligquid ammonia and
dried yielding silicon diimide. An amorphous silicon
nitride powder was obtained by thermally decomposing the.
silicon diimide at 900°C under a stream of a mixed gas of air
and nitrogen {oxygen concentraticon in a mixed gas was 2% by
volume) at a flow rate of 70 L/hour per 1 kg of the powder.
[0039]
The amorphcus silicon nitride powder thus cbtained by

thermal decompesition had a large specific surface area of
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[Table 1] Class Evaluation of mold release layer Area of peeled (%)

from 300 To 850 mz/g and was obtained in a fcrm of a powder,
in which the content ¢f cocarse aggregated particles not less
than 50 pum in a particle size distributicn was about 10%.
Aggregated particles of the amorphous silicon nitride powder
obtained were ground in a high-efficiency continuous
vibratingmill for grinding, towhichmetal balls for grinding
coated with a resin were added to adjust the volume-based
filling ratio of the mill to from 80 to 90%, yielding an
amorphous silicon nitride powder with the diameter of
aggregated particles to be below 50 um in measurement of a
particle sirze distribution and with metal impurities
contaminated to be below 5 ppm by reducing friction betweean
a powder and a metal in a reactor material and a device for
handling the powder.

10040]

The amorphous silicon nitride powder was placed in a
carbon crucibkble and heated to elevate the temperature from
ambient temperature to 1,100° in 3 hours, from 1,100 to
1,400°C at 50°C/hr, and from 1,400 to 1,550° in 2 hours and
kept at 1,550°C for 1 hour, and then cocled to pull cut. The
amorphous silicon nitride powder cobtained was subjected to
a mild grinding process of aggregated particles in a
continuous vibrating mill, to which metal balls for grinding
coated with a resin were added to adjust the volume-based
filling retio of themill to from 70 to 80% yilelding a silicon
nitride powder for a mold release material according to

Example 1.
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Area of monodispersed particles of silicon nitride in a cross- section of mold release layer (%) Status
of molten liquid of silicon

[0041]

The specific surface area of the crystalline silicon
nitride powder obtained was measured by a surface analyzer
of FlowSorb 2300 made of Shimazu Corporation to give 5.5n@/g.
The density of a green compact pressed at uniaxilal pressure
of 2 tons/cm® was 53.5%, whereas the area ratio of
monodispersed primary particles of granular crystals was 98%.
[0042]

Tests of evaluating a mold release layer including
measurement of the peel strength of a mold release laver,
measurement of the area ratioc of monodispersed silicon
nitride particles in a cross—~gsecticn of a mold release layer,
assessment of the status of a silicon melt penetrating into
a crucible, and assessment ¢f the status of a silicon ingot
released from a mold were performed using the siliconnitride
powder for a mold release material.

[0043]

At first, 10 g of the silicon nitride powder for a mold
release material obtained, 40 g of distilled water, and 100
g of gilicon nitride balls with the diameter of 10 ¢mm were
placed in a 100 cc polyethylene bottle to seal with a cap,
which was fixed to a vibratingmill to vibrate at the amplitude
of 5mm and the fregquency of 1,780 spm for 5 minutes for mixing
to prepare a 20% by weight aguecus slurry.

[0044]
The 20% by volume aguecus slurry described above was

sprayed to coat a quartz crucible with the porosity of 16%
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penetrating into a crucible Status of silicon ingot released from a mold Example-1 20 98

and the dimension of 5 ¢ square and the depth of 4 cmpreheated
at 40°C and a quartz plate made of the same material, and a
cycle of drying at 40°C and coating was repeated 4 times. The
gquartz crucible and the quartz plate after coating were dried
at 40°C overnight. After drying, a mold release layer was
glazed to the guartz crucible using a box-type electric
furnace by elevating the temperature to 1,100°C in 4 hours
under atmosphere and maintaining the temperature at 1,100°C
for 4 hours, followed by lowering the temperature. Thickness
of each mold release laver in the crucible and the plate was
150 pm in an average of five measuring points,

[0045]

The quartz plate to which the mold release material was
glazed was used to determine the peel strength, the density
of siliceon nitride for the mold release layer, and the
percentage of monodispersed primary particles of granular
crystals. As illustrated in Fig. 3, a transparent resin
adhesive tape 18 mm wide was adhered tc parts of amold release
layver of the quartz plate gilazedwith amold release material,
which was slowly peeled to determine the percentage of the
area of peeled relative to the contact area for adhesion.
Measurement of the area of peeled was performed by taking a
picture of the tape after peeled, followed by use of an ImageJ
software for image analysis described above. The percentage
of the area of peeled was 20%.

[0046]

The density of silicon nitride for a meld release layer
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0 0 Example-2 15 96 0 @ Example-3

and the percentage of monodispersed primary particles of
granular crystals were determined by embedding parts of the
glazed gquartz plate with an epoxy resin, of which a
cross—-section was cut to take an SEM image of a cross-section
of the mold release layer at 2000 magnification using an
FE-SEM, zooming the SEM image to 400% to independently trace
a contour of whole silicon nitride particles within a 20 um
square and a contour of only monedispersed primary particles
of granular crystals, followed by calculating the area ratio
using an ImageJ software for image analysis. The area ratio
of whole silicon nitride particles was 50%, whereas the
percentage of monodispersed primary particles of granular
crystals was 98%.

[0047]

A guartz crucible glazed with a mold release layer was
filled with 75 g of 99.999% pure silicon granules with a size
of from 2 to 5 mm, which was heated, using a box-type electric
furnace, under a stream of an Ar gas and an atmospheric
pressure to elevate the temperature to 1,000° in 3 hours and
from 1,000 to 1,450°C in 3 hours and maintained at 1,450°C
for 4 hours, followed by lowering the temperature. After
lowering the temperature, the crucible was pulled out from
the furnace to cbserve the releasing status of a mold and
visually observe the status of a siliconmelt penetrating inte
the center of the crucible bottom, further followed by
embedding the center of the crucible bottom with an epoxy

raesin, which was cross-sectionally cut to take an 3EM image
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1095 0 @ Example-4 5950

of cross-section of amold release layer at 100 magnification
using an FE-SEM for observing the penetrating status of a
silicon melt. The evaluation results are shown in Table 1.
Symbols for the status of a silicon melt penetrating into a
crucible in Table 1 mean that a double circle symbol indicates
the silicon melt stopped 1ts penetration at the surface of
the mold release layver, a circle symbol indicates the silicon
melt stopped its penetration within the mold release layer,
a triangle symbecl indicates a small amount of a silicon melt
was penetrated into parts of the gquartz crucible, and a cross
symbol indicates a silicon melt was penetrated through the
quartz crucible to leak to the opposite surface of crucible.
Symbols for the status of a silicon ingot released froma mold
mean that a double circle symbol indicates the silicon ingot
was completely released from a mold without adhesion to any
parts of the guartz crucible, a circle symbol indicates the
gilicon ingot was slightly adhered to the quartz crucible but
releaged from amold, a triangle symbol indicates the silicon
ingot was released from the side of the guartz crucible but
adhered to its bottom, and a cross symbol indicates the
silicon ingot was adhered to a whole guartz crucible and not
released from a mold.

00481

[Table 1]
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@ Example-5 25 98 0 0 Example-6 30

Evaluation of mold release layer
Area of
monodispersed Status of molten .
Class Area of particles of silicon | liquid of silicon S‘tatus of silicon
peeled (%) | nitride in a cross— | penetrating into a ’?fg:?:szd
section of moid crucible
release layer (%)
Example—1 20 B8 O O
Example-2 15 96 @] @)
Example—3 10 95 O ©
Exampie—4 LY 95 O @
Example—5 25 88 O O
Example—6 30 89 O O
Example—7 40 g7 O O
Comparative Example—1 30 80 X FaN
Comparative Example—2 25 70 AN AN
Comparative Example—3 49 50 X X
Comparative Example—4 25 55 PN a¥
Comparative Example-5 85 85 X X
[0049]
Example 2

Next, an amorphous silicon nitride powder was obtained
by thermally decomposing silicon diimide similarly prepared
to Example 1 at 900°C under a stream of a mixed gas of ailr
and nitrogen (oxygen concentration in a mixed gas was 2.5%
by volume) at a flow rate of 70 L/hour per 1 kg of the powder.
The amorphous silicon nitride powder obtained was ground
under similar condition to Example 1 in a high-efficiency
continuous vibrating mill for grinding, to which metal balls
grinding ceoated with a resin were added to adjust fcr the
volume-based filling ratio of themill to from 80 to 90%. The

amorphous silicon nitride powder after grinding was placed

in a carbon crucible and heated to elevate the temperature
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99 0 0 Example-7 409700

from ambient temperature to 1,100°C in 3 hours, from 1,100
to 1,400°C at 50°C/hr, and from 1,400 to 1,550° in 2 hours
and kept at 1550°C for 1 hour, followed by cooling to yield
a crystallized silicon nitride powder. The crystallized
silicon nitride powder obtained was subjected under similar
condition to Example 1 to a mild grinding process of
aggregated particles in a continuous vibratingmill, to which
metal balls for grinding coated with a resin were added at
the volume-based filling ratio of the mill from 70 to 80%,
yielding a monodispersed silicon nitride powder for a mold
release material according to Example 2. The specific
surface area of the silicon nitride powder for a mold release
materialobtainedwas8.5n@/g,thecmnsityofeagreencompact
pressed at uniaxial pressure of 2 tons/cm” was 52.4%, and the
area ratio of monodispersed primary particles of granular
crystals was 96%., A method similar to Example 1 was used to
evaluate the mold release layer in which the crystalline
silicon nitride powder was used. The evaluation results are
shown in Table 1.
[C050]
Example 3

Next, an amorphous silicon nitride powder was cbtained
by thermally decomposing silicon diimide similarly prepared
to Example 1 at 1,050°C under a stream of a mixed gas of air
and nitrogen {(oxygen concentration in a mixed gas was 3% by
volume) at a flow rate of 70 L/hour per 1 kg of the powder.

The amcrphous silicon nitride powder obtained was ground
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Comparative Example-1 30 80 x A Comparative Example-2 25 70

under similar condition to Example 1 in a high-efficiency
continuous vibrating mill for grinding, to which metal balls
for grinding coated with a resin were added to adiust the
volume-based £filling ratio of themill to from 80 teo 90%. The
amorphous silicon nitride powder after grinding was placed
in a carbon crucible and heated to elevate the temperature
from ambient temperature to 1,100°C in 3 hours, from 1,100
to 1,400° at 60°C/hr, and from 1,400 to 1,550°C in 2 hour and
kept at 1,550°C for 1 hour, followed by cooling to yield a
crystallized silicon nitride powder. The crystallized
silicon nitride powder obtained was subjected to a mild
grinding process under similar condition to Example 1 to yield
a menodispersed silicon nitride powder for a mocld release
material according to Example 3. The specific surface area
of the gilicon nitride powder for a mold release material
obtained was 11.8 m*/g, the density of a green compact pressed
at uniaxial pressure of 2 tons/cm® was 51.8%, and the area
ratio of monodispersedprimary particles of granular crystals
was 95%. A method similar to Example 1 was used to evaluate
the mold release layer in which the crystalline silicon
nitride powder was used. The evaluatlon results are shown
in Table 1.
(00513

Fig. 4 also illustrates the status of a silicon melt
penetrating into a mold in which the silicon nitride powder
for a mold release material accerding to Example 3 was used.

It was found from Fig. 4 that a white silicon melt steops its
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A A Comparative Example-3 40 50 x x Comparative Example-4

penetration at the mold reieaée layer.
[0052]

Fig. & further illustrates the status of a solidified
silicon ingot released from a mold after the silicon melting
test in Example 3. It was found from Fig. 6 that a silicon
melt did not penetrate into or adhere to a mold, indicating
good releasing properties of the silicon ingot.

[0053)
Example 4

Next, an amorphous silicon nitride powder was obtained
by thermally decomposing silicon diimide powder similarly
prepared to Example 1 at 1,050°C under a stream of a mixed
gas of air and nitrogen (oxygen concentration in a mixed gas
was 3.5% by volume) at a flow rate of 70 L/hour per 1 kg of
the powder. The amorphous silicon nitride powder obtained
was ground under similar conditicon to Example 1 in a
high=efficliency continuous vibrating mill for grinding, to
which metal balls for grinding coated with a resin were added
to adjust the volume-based filling ratio of the mill to from
80 to 290%. The amorphous silicon nitride powder after
grinding was placed in a carbon crucible and heated to elevate
the temperature fromambient temperature to 1,100°C in 3 hours,
from 1,100 to 1,400°C at 80°C/hr, and from 1,400 to 1,550°C

in 2 hours and kept at 1550°C for 1 hour, followed by cooling

to yield a crystallized silicon nitride powder. The
crystallized siliceon nitride powder obtained was subiected

to amild grinding process under similar condition to Example
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1 to yvield a monodispersed silicon nitride powder for a mold
release material related to Example 4. The specific surface
area of the siliconnitride powder for a mold release material
obtained was 13.0n@/g, the density of a green compact pressed
at uniaxial pressure of 2 tona/cm® was 51.3%, and the area
ratio of monodispersed primary particles of granular crystals
was 95%. A method similar to Example 1 was used to evaluate
the mold release layer in which the crystalline silicon
nitride powder was used. The evaluation results are shown
in Table 1.
[0054]
Example 3

Next, an amorphous silicon nitride powder was obtalned
by thermally decomposing silicon diimide similarly prepared
to Example 1 at 800°C under a stream of a mixed gas of air
and nitrogen {oxygen concentration in a mixed gas was 1% by
volume) at a flow rate of 70 L/hour per 1 kg of the powder.
The amorphous silicon nitride powder obtained was ground
under similar condition to Example 1 in a high-efficiency
continuous vibrating mill for grinding, to which metal balls
for grinding coated with a resin were added to adjust the
volume-based filling ratio of themill to from 8C tc 90%. The
amorphous silicon nitride powder after grinding was placed
in a carbon crucible and heated to elevate the temperature
from ambient temperature to 1,100°C in 3 hours, from 1,100
to 1,400°C at 30°C/hx, and from 1,400 to 1,55C°C in 2 hours

and kept at 1,550°C for 1 hour, followed by ceocoling to yield
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x [00491 Example 2 Next, an amorphous silicon nitride powder was obtained by thermally
decomposing silicon diimide similarly prepared to Example 1 at 900C under a stream of a mixed gas of
air and nitrogen (oxygen concentration in a mixed gas was 2.5% by volume) at a flow rate of 70 L/hour
per 1 kg of the powder. The amorphous silicon nitride powder obtained was ground under similar
condition to Example 1 in a high-efficiency continuous vibrating mill for grinding, to which metal balls
grinding coated with a resin were added to adjust for the volume-based filling ratio of the mill to from
80 to 90%. Theamarphous silican nitride,pewder;after grnding wag placed i acarhonerucible and
heated to elevate the temperature from ambient temperature to 1,100C in 3 hours, from 1,100 to
1,400C at 50C/hi; andrfront 1¢400ctovk;8500 irt 2 hoars arskeptlat 4550 fdrol howrd fallowed by
cooling to yield a crystallized silicon nitride powder. The crystallized silicon nitride powder obtained

was subjectd-tiitiet SIHIAF 85 RdioNTS EXGhhpRI1I8 % Mhitd GRndG FEEESR of Eygregated particles
in a contin Vj ' J which, I for, grindi ated with in wer ed at the
volume-ba'“sg(:'g%f(i:iIﬂl.gc{ggrgat%%gc}#l%ﬁ%81 mﬁﬁlrhéﬁg% t%%g%/%,&ﬁe%%%gaec r%okﬁcgais%eﬁéé%%ilﬁé\%%gnﬁﬁge powder
for a mold release inatesiat-aceording-to Examples.sThe specifip surface-arearafihe silicon nitride
powder for a mold release material obtained was 8.5 m2/g, the density of a green compact pressed at
uniaxial presSufe'ef Ztohsmi2 Was 52U Pantithe dred ratid'eflimoledispersed piftaky particles of

granular crysé%ls was 96%. % nbethp simciﬁir tg Eﬁ(sa. le OlfWaaS %%eedntoce\ﬁalg%tg thgergglg r%l'elease
layer in whig ﬁe”clr?/%téﬂlﬁr?e Silicon hitride p%waeer was uSed The evaldation results aré Shiown in
Table 1.

at uniaxizal pressure of 2 tons/cm® was 55.1%, and the area
ratio of monodispersed primary particles of granularx crystals
was 98%. A method similar to Example 1 was used to evaluate
the mold release laver in which the crystalline silicon
nitride powder was used. The evaluation results are shown
in Table 1.
[0055]
Example 6

Next, an amorphous silicon nitride powder was obtained
by thermally decomposing siliceon diimide similarly prepared
to Example 1 at 700°C under a stream of a mixed gas of air
and nitrogen (oxygen concentration in a mixed gas was 0.5%
by volume) at a flow rate of 70 L/hour per 1 kg of the powder.
The amorphous gilicon nitride powder obtained was ground
under similar condition to Example 1 in a high-~efficiency
continuous vibrating mill for grinding, to which metal balls
for grinding coated with a resin were added to adjust the
volume~based filling ratio of themill to from 80 to 90%. The
amorphous silicon nitride powder after grinding was placed

in a carbon crucible and heated to elevate the temperature
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[0050] Example 3 Next, an amorphous silicon nitride powder was obtained by thermally
decomposing silicon diimide similarly prepared to Example 1 at 1,050C under a stream of a mixed gas
of air and nitrogen (oxygen concentration in a mixed gas was 3% by volume) at a flow rate of 70
L/hour per 1 kg of the powder. The amorphous silicon nitride powder obtained was ground under
similar condition to Example 1 in a high-efficiency continuous vibrating mill for grinding, to which metal
balls for grinding coated with a resin were added to adjust the volume-based filling ratio of the mill to

from 80 to 90%. The amorphous silicon nitride powd roagg%' rinding was placed in a.c n crucible
and heated 6%%%% %heenf%rr%ﬁer?gﬁ%%%ﬁ?ar%gigﬁ empéra Srg?ogn ff&é)c ir;j:e 5%%3%5’ rBo%m 1,100 to

1,400C at 69C/hr, and-from1,40049 15506 i 2 hewr and kept-at 1,550C for 1hoprfellewed by
cooling to yield a crystallized silicon nitride powder. The crystallized silicon nitride powder obtained
was subjectatitoa piildadriddihg précéss uhder similar cbhdition to Exapaplé rictotyleldia 1 d

monodispersed siliconlni'tgig.e&owdﬂ for a mgléjrrel ase material a%%ordigg to Eé(ﬂ'; le 3 The specific

surface are of the sificort i rldeSI::)Low&f')rnfoF1 & To1d FelBaLE Material bHtANST Was ?§m2/g, the

density of a,greep compact pressed ahuniaxighpressure,of 2 topg/ca-was s1.8% andihe area ratio
of monodispersed primary particles of granular crystals was 95%. A method similar to Example 1 was

used to evaluate diermoldaetease:layeris whichathescnystallinersiticonssitnidépdwderywas dised. The
evaluation results are shown in Table 1. [0051] Fig. 4 also illustrates the status of a silicon melt

penetratingdntbRIGIE MSHIRER the SifiConfride ddiidét 368 Mol @ FelBademAterd 88&6iding to

Example 3 was used. Itwas foynd fram Fig. 4.10ag awhitg. gilicop MeltStops 32 ce area
of the silicon nitride powder for a mold release material
obtained was 1.1 m*/g, the density of a green compact pressed
at uniaxial pressure of 2 tons/cm® was 55.9%, and the area
ratio of monodispersedprimary particles of granular crystals
was 99%. A method similar to Example 1 was used to evaluate
the mold release layer in which the crystalline silicon
nitride powder was used. The evaluation results are shown
in Table 1.
[0056]
Example 7

Next, an amorphous silicon nitride powder was obtained

by thermally decomposing silicon diimide similarly prepared
to Example 1 at 500°C under a stream of a mixed gas of air
and nitrogen (oxygen concentration in a mixed gas was 0.5%
by volume) at a flow rate of 70 L/hour per 1 kg of the powder.
The amorphous silicon nitride powder obtained was ground
under similar condition to Example 1 in a high-efficiency
continuous vibrating mill for grinding, to which metal balls

for grinding coated with a resin were added to adjust the
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penetration at the mold release layer. [0052] Fig. 6 further illustrates the status of a solidified
silicon ingot released from a mold after the silicon melting test in Example 3. It was found from Fig. 6
that a silicon melt did not penetrate into or adhere to a mold, indicating good releasing properties of
the silicon ingot. [0053] Example 4 Next, an amorphous silicon nitride powder was obtained by
thermally decomposing silicon diimide powder similarly prepared to Example 1 at 1,050C under a
stream of a mixed gas of air and nitrogen (oxygen concentration in a mixed gas was 3.5% by volume)

at a flow ratesafuf@:Libadeper 1 kgiofdhenpowder: The.amarpheysrsiligon nitride; pewder phtained was
ground under similar condition to Example 1 in a

amorphous silicon nitride powder after grinding was placed

in a carbon crucible and heated to elevate the temperature

from ambient temperature to 800°C in 3 hours, from 1,100 to

1,400°C at 15°C/hr, and from 1,400 to 1,550°C in 2 hours and

kept at 1,530°C for 1 hour, followed by cooling to yield a

crystallized silicon nitride pcwder. The crystallized
silicon nitride powder obtained was subjected to a mild
grinding process under similar condition to Example I toyield
a monodispersed gsilicon nitride powder for a mold release
material according to Example 7. The specific surface area
of the silicon nitride powder for a mold release material
obtained was 0.5 mg/g, the density of a green compact pressed
at uniaxial pressure of 2 tong/cm® was 56.3 %, and the area
ratio of menodispersed primary particles of granular crystals
was 27%. A method similar to Example 1 was used to evaluate
the meld release layer in which the crystalliine silicon
nitride powder was used. The evaluation results are shown
in Table 1.
[0057]
Comparative Example 1

Nexlt, an amorphous silicon nitride powder was obtained
by thermally decomposing silicon diimide powder prepared
similarly to Example 5 at 800°C under a stream of a mixed gas
of air and nitrogen (oxygen concentration in a mixed gas was
1% by velume) at a £low rate of 70 L/hour per 1 kg of the powder.

The amorphous silicon nitride powder obtained was ground in
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high-efficiency continuous vibrating mill for grinding, to which metal balls for grinding coated with a
resin were added to adjust the volume-based filling ratio of the mill to from 80 to 90%. The amorphous
silicon nitride powder after grinding was placed in a carbon crucible and heated to elevate the
temperature from ambient temperature to 1,100C in 3 hours, from 1,100 to 1,400C at 80C/hr, and from
1,400 to 1,550C in 2 hours and kept at 1550C for 1 hour, followed by cooling to yield a crystallized
silicon nitride powder. The crystallized silicon nitride powder obtained was subjected to a mild grinding

process under simiar,conditioncto Example J1 1 yigld.a monodispetsed silicpn nitide powder for a

mold release material related to Examplé€ 4. The specific surface area of the silicon nitride powder for a
mold releasermateriad pbtamednvas 13.81a2/gy Hieldensity of aigreem compactpressathatuniaxial
pressure of 2 tons/cm2 was 51.3%, and the area ratio of monodispersed primary particles of granular
crystals was 95% X ¥rethdvdEifilartd Examplé M asussan evafkmateé he ritld féleasedayer in which
the crystalling silican nitride p er was used. The evaluation results are shown in Table, 1. [0054]
Example 5 Che ﬂé%d, a%rfﬁogp@:%ﬁszl icon né? r%%ep%\évlge?%%g% tined ]b%tﬁgrnm%ﬁ)? 5égoemposing

silicon diimigle, sirnilagy pespayed 1o Example 4:at 800G undera stigam of 2 mixedgasofair and
nitrogen (oxygen concentration in a mixed gas was 1% by volume) at a flow rate of 70 L/hour per 1 kg
of the powderr e amdrphibusrsilicen. nittide pewdernrchiainedwasgregrd: endees simiikat €endition to
Example 1 in a high-efficiency continuous vibrating mill for grinding, towhichmetalPalls fo%(grinding

coated with"d feSih Werdaddedits adidst e VoM baBed Hling fafie 8Ethe ARIFOSFGH BB to 90%.

The amorph%%s&ig oensnitr£dc%pgwg%r aﬁ%[fggndcing was %Igc%d in.a crﬁlrgon Ig(réucible aﬁdnheated to
elevate theﬁfempera ire from amblen%?empera?ure t0 1,1 in (ISLurs, from f,iBé?o ?,4tbOC at

30C/hr, andfrom 1400011 550&n:2 Beurscand kept at-l:5a06 feiyh beur faklewed by copling to yield

200 pm at maximum were contained. The amorphous silicon
nitride powder after grinding was placed in a carbon crucible
and heated to elevate the temperature from ambient
temperature to 1,100°C in 3 hours, from 1,100 to 1,400°C at
30°C/hr, and from 1,400 to 1,550°C in 2 hours and kept at
1,550°C for 1 hour, followedbycoolingtoyieldacrystallized
gilicon nitride powder related according tc Comparative
Example 1. The crystallized silicon nitride powder obtained
was subjected to a mild grinding process under the similar
condition to Example 1 toyieldasiliconnitride powder. The
specific surface area of the silicon nitride powder obtained
was 3.2 m?/g, the density of a green compact pressed at
uniaxial pressure ¢f 2 tons/cm® was 53.0%, and the area ratio
of monodisperged primary particles of granular crystals was
90%. A method similar to Example 1 was used to evaluate the
mold release layer in which the crystalline silicon nitride
powder was used. The evaluation results are shown in Table

1.
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a crystallized silicon nitride powder. The crystallized silicon nitride powder obtained was subjected to a
mild grinding process under similar condition to Example 1 to yield a monodispersed silicon nitride
powder for a mold release material according to Example 5. The specific surface area of the silicon
nitride powder for a mold release material obtained was 3.0 m2/g, the density of a green compact
pressed at uniaxial pressure of 2 tons/cm2 was 55.1%, and the area ratio of monodispersed primary
particles of granular crystals was 98%. A method similar to Example 1 was used to evaluate the mold
release layepimawhich the crystalline silicon nitride powder was used. The evaluation results are shown
in Table 1. [0055] Example 6 Next, an amorphous silicon nitride powder was obtained by thermally
decomposifigsitieon diimide-siatiiady piepared to Example 1 at 700C under a stream of a mixed gas of
air and nitrogen (oxygen concentration in a mixed gas was 0,5% by volume) at a flow rate of 70 L/hour

per 1 kg of the powdef “Th& RrAGPhBHS Yficdh Mitde povider ShEMEd Wad groGid ahdé-similar
condition tg,Example, 147 a *&ig%@ﬂ{?&%&%{?@%iﬁyek&%VM%%%@MO%QQPQ@%MPi%@eta' balls

for grinding coated with a fesin were added to adjust the volume-based filling ratio of the mill to from

80 to 90%. Ihe:amerphens silicen nitdde powdes aftes grinding-was @laced inra-earhop crecible and
heated to elevate the temperature from ambient temperature to 1,100C in 3 hours, from 1,100 to
1,400C at 30CTRE 4R fRom?E, 2006 1 E50CIIATR hotkoand kKepfart,550€ 36r 1rhaut foféwed by

cooling to yield a crystallj /e%)silico nitride powder.. The crystallized, silicon nitride po r obtained
was subjec?eads towg%n d ézﬁ?n |Hgvpc%cl:%nse§ur%]eerasi%]i@‘rvcgr%gﬁoﬁ]fo xa](irr{pkﬂglirtcpy%l\gﬁﬁig

monodispersed giliGan nittide pewder for a-moldrelease materiak-aceordingo.Example,6The specific
surface area of the silicon nitride powder for a mold release material obtained was 1.1 m2/g, the
density of avgreenmompact pressed atiliniaxiat pressurecof/tonsicm2iwas 55:9% rardithe area ratio
of monodispersed prima ry particles of granular crystals was 99%. A method similar to Example 1 was

used to evaliate the nBIrafbase fayét ifWiKieh e eryskitineSsificdn Aitrids! pofider ag Uised. The

evaluation [espts are shown in Tablel 4 o adjust the volume-based filling

ratio of the mill to from 60 to 70%. The percentage of
aggregated particles in the amcorphous sillcon nitride powder
after grinding was high in a range of not less than 10% for
aggregated particles with a size of not less than 50 pum in
measuraement of a particle size distribution, and aggregated
particles of 250 um at maximum were contained. The amorphous
silicon nitride powder after grinding was placed in a carbon
crucible and heated to elevate the temperature from ambient
temperature to 1,100°C in 3 hours, from 1,100 to 1,400°C at
50°C/hr, and from 1,400 to 1,550° in 2 hours and kept at
1,550° for 1 hour, followed by cooling toyieldacrystallized
silicon nitride powder according to Comparative Example Z.
The crystallized silicon nitride powder obtained was
subjected to a2 mild grinding process under similar condition
to Example 1 to yield a silicon nitride powder. The specific

surface area of the silicon nitride powder obtained was 8.1
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[0056] Example 7 Next, an amorphous silicon nitride powder was obtained by thermally
decomposing silicon diimide similarly prepared to Example 1 at 500C under a stream of a mixed gas of
air and nitrogen (oxygen concentration in a mixed gas was 0.5% by volume) at a flow rate of 70 L/hour
per 1 kg of the powder. The amorphous silicon nitride powder obtained was ground under similar
condition to Example 1 in a high-efficiency continuous vibrating mill for grinding, to which metal balls
for grinding coated with a resin were added to adjust the volume-based filling ratio of the mill to from

80 to 909%. e, amprphaus.alicpp niide powder,after grinding s placedin a cathan erucible and

heated to elevaté the temperaturé from ambient temperature to 600C in 3 hours, from 1,100 to 1,400C
at 15C/hr, gnebfrem: %400 te 1,560€ a2 hewrs and kept ab18550€H0rk haur; fallowesrby cooling to
yield a crystallized silicon nitride powder. The crystallized silicon nitride powder obtained was
subjected to @ mild §HRAIRG PROEEES Uiider Sindifak Torititie 16 Examplé 1Ste3iéid'a tndrodispersed

silicon nitride I}&ggvder for a mfclatl:lrreéea matelrg;ll ﬁCCOI’dIn%teO E§%n(1j%lge?nz.ﬁThe SE§C|flc gtfr ace area of

the silicon fit tB&ﬁdéH&% atholdTeldsdematerial obtained was 8Ft€ﬁe éansI.Illty of a green

compact pressed. atupjaxial pressure-of 21ans/cm2 was 56.396; and the area; ratio.ef mepodispersed
primary particles of granular crystals was 97%. A method similar to Example 1 was used to evaluate

the mold releasedayet .in Whieh ¢headrystalline silieon nitride pewslerwas used 2THesevaluation results

are shown ignog%%l(]e 1. [0057] Comparative Example 1
Comparative Example 3

Next, an amorphous silicon nitride powder was obtained

by thermally decomposing silicen diimide powder prepared
under the similar condition to Example 1 at 1,050°C under a
stream of a mixed gas of alr and nitrogen (oxygen
concentration in a mixed gas was 5% by volume) at a £low rate
of 70 L/hour per 1 kg of the powder. The amorphous silicon
nitride powder obtained was ground in an ocrdinary-efficiency
continuous vibrating mill for grinding, to which metal balls
for grinding coated with a resin were added to adjust the
volume-based filling ratio of themill to from 60 to 70%. The
percentage of aggregated particles in the amorphous silicon
nitride powder after grinding was high in a range of not less
than 10% for aggregated particles with a size of not less than
50 pm in measurement of a particle size distribution, and

aggregated particles of 270 pmat maximum were contained. The

amorphous silicon nitride powder after grinding was placed
in a carbon crucible and heated to elevate the temperature

from ambient temperature to 1,150°C in 3 hours, from 1,100

to 1,400°C at 80°C/hr, and from 1,400 to 1,550°C in 2 hours
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Next, an amorphous silicon nitride powder was obtained by thermally decomposing silicon diimide
powder prepared similarly to Example 5 at 800C under a stream of a mixed gas of air and nitrogen
(oxygen concentration in a mixed gas was 1% by volume ) at a flow rate of 70 L/hour per 1 kg of the
powder. The amorphous silicon nitride powder obtained was ground in an ordinary-efficiency
continuous vibrating mill for grinding, to which metal balls for grinding coated with a resin were added
to adjust the volume-based filling ratio of the mill from 60 to 70%. Since the amorphous silicon nitride

powder after grinding remain t.a lqw level. of grindi s compared to Example 1, the.percentage of
aggregateda [gg%t?éle ngmq(ﬁé?%%a%ra%exo\?n% &ss tf%% 8%e%r%%acr:§eogé”gnr%g%?e(¥ bgrltf:({:eles with a

size of not lgss fhan-20 pavivdneasurementof-a-paricle-size: distribttien.;angd aggregated particles of
200 pm at maximum were contained. The amorphous silicon nitride powder after grinding was placed
in a carbonpiiciblecdndvifedigd fpelevate theltemperathrelfidmsinisientiteAperdtlreitel,100C in 3

hours, from 1,100 to 1,40QC at 30C/hr, and from 1,400 to,1,550C in 2 hours and kept at 1, 550C for 1
hour, follom%%ﬁgggoﬁ g‘rt%fli%ﬁ]é&%taﬁﬁ’;éﬂeﬁﬁ:c%% Eﬁriadglbj% der're %erbga%ESr%?ngStbl%?ﬁparative

Example 1.khe; grystallizgd silicon nitride: powder.obtained was subjected 1o.a,mild; grinding process
under the similar condition to Example 1 to yield a silicon nitride powder. The specific surface area of
the silicon nitsicdépowderebtained vaisc3. 2 /g cthezdensity 6f aigeeeni dampactptessedkat uniaxial
pressure of 2 tons/cm2 was 53.0%, and the area ratio of monodispersed primary particles of granular
crystals waB 9096 A PRéthd8 Simtiarsto B xAmplé 1-whs skt evalGdtertieaold FéiBasS fayer in

which the clféystalllne silicon mtnd}cﬂagﬁowder was useg_i. }'h[e eva}uar[gw@ I’eSlé|E§ @Jable 1.

ressed at un Tessure O ons/Cn, g d%rg Sg%vc\égt
[00581 Co paraﬁve Ifxampl%aai{ I@eng, an amorphous silicon nitnde powder (vas obtained by

thermally dgeermpesing silisen dimide: preparesd under the-similat-eanrditien torExamnplezat 900C
under a stream of a mixed gas of air and nitrogen (oxygen concentration in a mixed gas was 2.5% by
volume) at a floniratesof 6 LIAGUr pér t&kyrof the powber. The Anforphcud siticenuttidetmowder
obtained was ground in an ordinag-eﬁiciency continuous vibrating mill for grinding, to which metal

n

balls for grifding tdafedWith B3&8in Tet& 2ded 19 GdjusPiheRoidmé- baséd Hifihg tatid*6f the mill to
from 60 to éqgfizgﬁ%{%%ageféwder was used. The evaluation results are

shown in Table 1.
[0060]

Fig. 7 alsc illustrates the status of the sclidified
silicon ingot released from a mold after a silicon melt test
in Comparative Example 3. It was found from Fig. 7 that the
gilicon ingot was adhered to a casting crucible and prevented
from release, indicating poor mold releasing properties.
[0061]

Comparative Example 4

Next, an amorphous silicon nitride powder was obtained
by thermally decomposing silicon diimide prepared under
similar condition to Example 3 at 1,050°C under a stream of
a mixed gas of air and nitrogen {oxygen concentraticn in a
mixed gas was 3% by volume) at a flow rate of 70 L/hour per

1 kg of the powder. The amorphous silicen nitride powder
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aggregated particles in the amorphous silicon nitride powder after grinding was high in a range of not
less than 10% for aggregated particles with a size of not less than 50 gm in measurement of a particle
size distribution, and aggregated particles of 250 gm at maximum were contained. The amorphous
silicon nitride powder after grinding was placed in a carbon crucible and heated to elevate the
temperature from ambient temperature to 1,100C in 3 hours, from 1,100 to 1,400C at 50C/hr, and from
1,400 to 1,550C in 2 hours and kept at 1, 550C for 1 hour, followed by cooling to yield a crystallized

silicon nitride.pawder pccording to Camparatiye Example 2. The cpystallized silicon pitride powder

obtained was subjected to a mild grinding process under Similar condition to Example 1 to yield a
silicon nitridei paweden & hel specific suriaceiarga afthegiliconaiteidepavider obtajned avasB.1 m2/g,
the density of a green compact pressed at uniaxial pressure of 2 tons/cm2 was 51.6%, and the area
ratio of morGthASFEtséd- pimary Fartitled DF Graififa tristald Wassds0b A isthod Sirkifaf ¥6 Example 1

was used tq evaluate the_ mold release layer in which the. crystalling silicon nitride powder was used.
The evalua |6Lr¥ ?elspﬁcf{tszaargls%oc\)/vfﬁ ?n%‘?agl'éfli [685$f8%r%p%rgﬁv§ %&ém[ﬁg 3 perfgl)ee% aacrﬂeamorphous

silicon nitriderpewderavas: abtainedhy-theemally decomposinghsiliconsdiimide powder prepared under
the similar condition to Example 1 at 1,050C under a stream of a mixed gas of air and nitrogen

(oxygen copcentration fin amixedrgasiwasi5% byl wdlume) at afloveraté of 20 LIkowr pendrkg of the
powder. The amorphous silicon nitride powder obtained was ground in an ordinary-efficiency
continuous Vibratifig rmilGof §FREME S WRRhTmERF Balid fot grifdinG Sdared wiltf 8Fesiiere added
to adjust th$h(yolunr;ne-based g'ﬂ@% Irﬂaet{_g of C:[Qe arlnill to froml60 té)im%' Th%_@%@%@f‘gﬁ of a igéregated

) . T :
particles in the gmo%ﬁhorﬁ%asmcon nltrutfie powde?%ﬁerlgnn%lng \%v%s%%g% in‘arangé of not fess than

10% for aggregateg-particles-with: a:size of:net [essthan KO jinkin Measwement eha particle size
distribution, and aggregated particles of 270 Rm at maximum were contained. The amorphous silicon

nitride powd&rcafiar Griddingwas pldced i d capisoitieriicibld and heatst tok evdatethé t&fiperature

from ambient temperalure 19 1,150G,in 3 hques, from1,100,9 1,400C & 80¢/1y, and from 1,400 to

from ambient temperature to 1,100°C in 3 hours, from 1,100
to 1,400°C at 60°C/hr, and from 1,400 to 1,550° in 2 hours
and kept at 1,550° for 1 hour, followed by cooling to yield
a crystallized silicon nitride powder according to
Comparative Example 4. The crystallized silicon nitride
powder cbtained was subjected toamild grinding process under
similar condition to Example 1 to yield a silicen nitride
powder, The specific surface area o¢f the silicon nitride
powder obtained was 11.0 m?/qg, the density of a green compact
pressed at uniaxial pressure of 2 tons/cm® was 49.5%, and the
area ratio of moﬂodispersed primary particles of granular
crystals was 55%. A method similar to Example 1 was used to
evaluate the mold release layer in which the crystalline
silicon nitride powder was used. The evaluation results are
shown in Table 1.

[0062]
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and kept at 1,550C for 1 hour, followed by cooling to yield a crystallized silicon nitride powder
according to Comparative Example 3. The crystallized silicon nitride powder obtained was subjected to
a mild grinding process under similar condition to Example 1 to yield a silicon nitride powder. The
specific surface area of the silicon nitride powder obtained was 14.0 m2/g, the density of a green
compact pressed at uniaxial pressure of 2 tons/cm2 was 50.5%, and the area ratio of monodispersed
primary particles of granular crystals was 50%. A method similar to Example 1 was used to evaluate
the mold release Ia¥%r i(\ V\éhi%tltshg gﬁrystalline silggnt it%degﬁgﬁder was_used. The evaluﬁion results

are shown in Table 1. ?0060] Fig. 7ua?§oriﬁﬁstrates isof 1 e%oﬁ&iﬁé‘g Sificon ingot released

from a mold-afterta-sitigenymelt destdn Gomparative;Example 8t {tiwas found frpm Fig, dthat the silicon
ingot was adhered to a casting crucible and prevented from release, indicating poor mold releasing
properties. [0062} CompatatieoBrampleidae E:Nexp lan Amorphows siliCon mitrifle powidey was
obtained by_thermally decomposin%jzilicon diimide prepared under similar condition to Example 3 at

1,050C under a Stream 6 aixet gascst &ifarid RtfdgehIoRgen ' cohdentration 118 Miked gas was

3% by volume) at a flaw rate of 70 L/hour per 1 kg of the powder. The amorphous silicon nitride
powder
[G063]

Comparative Example 5

Next, an amorphous silicon nitride powder was obtained
by thermally decomposing silicon diimide powder prepared
under similar condition to Example 1 at 500°C under a stream
of a nitrogen gas at a flow rate of 70 L/hour per 1 kg of the
powder. The amorphous silicon nitride powder obtained was
ground in a high-efficiency continuous vibrating mill for
grinding, to which metal balls for grinding coated with a
resin were added to adiust the volume-based filling ratio of
the mill to from 80 to 9C%. The amorphous silicon nitride
powder after grinding was placed in a carbon crucible and
heated to elevate the temperature from ambient temperature
to 1,100° in 3 hours, from 1,100 te 1,400° at 10°C/hr, and
from 1,400 to 1,550°C in 2 hours and kept at 1,550°C for 1
hour, followed by cocling to vield a crystallized silicon
nitride powder according to Comparative Example 5. The
crystallized silicon nitride powder obtained was subjected
toamild grinding process under similar condition to fxample
1 to yield a siliceon nitride powder. The specific surface
area of the silicen nitride powder obtained was 0.3 m?/qg, the

density of a green compact pressed at uniaxial pressure of
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obtained was ground in an ordinary-efficiency continuous vibrating mill for grinding, to which metal
balls for grinding coated with a resin were added to adjust the volume-based filling ratio of the mill to
from 50 to 60%. The percentage of aggregated particles in the amorphous silicon nitride powder after
grinding was high in a range of not less than 10% for the aggregated patrticles with a size of not less
than 50 p.m in measurement of a particle size distribution, and aggregated particles of 300 filn at
maximum were contained. The amorphous silicon nitride powder after grinding was placed in a carbon
crucible and heated to elevate the temperature fro ie mperature t 00C in_3 hours, from
1,100 to 1, 00t éSE/hr‘,’\’gr%d t}gr?)r'n%?,ho %glg%%c%%%éhrglﬁ% ey eplt%g'?l 101,%]%0 &8s ic our,
followed by:copting o yielda enystallizedgiligonnitride peweder aceerdinge CompatativeExample 4.
The crystallized silicon nitride powder obtained was subjected toa mild grinding process under similar
condition tesExdmple £ o Jiskiw siticon witdde powdes. Fieadpetifie durfacecdréaot Heasificon nitride
powder obtained was 11.0 m2/g, the density of a green.compact pressed at uniaxial pressure of 2
SRS

tons/cm2 wal 4585 4Rd the ar&aTakS of monddisgers&d Primary s tgrantldrciystals was
55%. A method sipilar.to Example 1was used.to.evauate fhe:mold refease layer in which the

crystalline silicon nitride powder was used. The evaluation results are shown in Table 1. [0062]
Fig. 5 also illosttates the status of a silicon melt penetrating into a mold using the silicon nitride powder
according to Comparative Example 4. It was found from Fi%. 5 that a white silicon melt penetrated into

the inside of a crucfblélfobe3 Comarative Bianiplels = 1 U Néd caf ‘arefohodsisiliéorfaitride powder

was obtain %gy thermally decomposing_silicon diimide.powder. prepared under similar condition to
Example 1% Ooésuendge%nag r%aer%%og agﬁﬁr%%gﬁ Jé%sgatlés flow %a%é o?goq_llrgléﬁrd&erp T Egg of the powder.

The amorphoeusssilicon nitridg,pewderobtainedyas grovngdds adhighrefficiency continueus vibrating
mill for grinding, to which metal balls for grinding coated with a resin were added to adjust the
volume-baseudfitlingprasioscflthe amillrtd frondl 80ctov809%. Thetamonzhousasikeoranitride powder after
grinding was placed in a carbon crucible and heated to elevate the temperature from ambient

temperaturé to 2, T00EYin FHour§ “fom AL 165 (£ A486C H 4 0EHT, ARFHBAFPEA06 11 FHBC in 2
hours and kept at 4,550 ot 1 hoge Joloyad by caoling o yied o nysalized sicon oiie powder

according to Comparative Example 5. The crystallized silicon nitride powder obtained was subjected to

a mild grinding-pracess updernsimilar gandition ta Examplect to yield asilican Ditrde powger. The
specific surface area of the silicon nitride powder obtained was 0.3 m2/g, the density of a green
compact pré§sediat GhiaxiakpreBgresofsilicon nitride powder after grinding

in Comparative Example 4, in which coarse aggregated
particles in measurement of a particle size distribution as
illustrated in Fig. 8. Therefore, a large amount of
aggregated particles remains in the silicon nitride powder
after crystallization, which contains a large amount of
particles other than monodispersed primary particles of
granular crystals. Inproductionof asiliconnitride powder
for amold release material according to the present invention,
it is possible to prevent the formation of ccoarse aggregated
particles with a size of not less than 50 um by improving the
grinding process as the amorphous silicon nitride powder
after grinding in Example 3, and after a calcination process

for crystalliization, asiliconnitride powder can be prepared
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2 tons/cm2 was 57.0%, and the area ratio of monodispersed primary particles of granular crystals was
95%. A method similar to Example 1 was used to evaluate the mold release layer in which the
crystalline silicon nitride powder was used. The evaluation results are shown in Table 1. [0064] A
silicon nitride powder SN-E10 made of Ube Industries, Ltd. used in Patent Literature 1 is a silicon
nitride powder produced by an imide thermal decomposition method, but the amorphous silicon nitride
powder as the raw material remains at a very low level of grinding and the amorphous silicon nitride
powder after grindj ontains coars regated particles with a size of not Jess than 50 jim in a
range of 10&%§t%%%%no@:§ﬁoﬁ§ %mcgﬁ%ﬁd%%;&f%&égﬂse%%ﬁgi%?gplﬁ Jé%arﬁgar%%\r/é t&gﬁr#ple 4,in
which coarseraggregated:pasticles: inrseasurgment eka paisle size disyritution asiliusikated in Fig. B.
Therefore, a large amount of aggregated particles remains in the silicon nitride powder after
crystallizatiew fighielr eohtaing Bdargesamaduintiof pasticles othier than Murfodispérsid prinwry particles
of granular Cr%\\//%t Is. In tL)'ré)duction of a silicon nitride_powder for a mold release material according to

[

the present Tofr '8 Hossiblé! to* pREVERT tHE foritaion 5t CoatSe hdgPeatbd PariiéSwith a size
of not less than 8Q }Araby irproying {he, grinding progess; as,the amorphous silicongitride powder
after grinding in Example 3, and after a calcination process for crystallization, a silicon nitride powder
can be prepated suchithat therarea+atia bk motiodispersesprimaryparticlas of granitar«systals is not
less than 95%, when an ImageJ software for image analysis is used to analyze an SEM image of the
powder. ThisTmaREsTiforithe Yefsiky dRd Hicknass Ot Mokl ¥élédsd fhyed BEtHE ifiéon nitride
powder formed in a mold, increases the adhesive strength among particles in mold release layer
e botweeh e LI Chetee oo ] e moldt SR NS chdaing G peehia o o mold

release layefe whichcauses mold release failuees Reference Signsdist{0065]-1Sample

Reference Signs List

[0065]

1 Sample

2z Core

3 Die

4 Lower die punch
5 Upper die punch
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2Core 3Die 4Lower die punch 5Upper die punch Claims 1. A silicon nitride powder for a mold release
material for a mold of casting a polycrystalline silicon ingot, wherein a percentage of primary particles
of granular crystals monodispersed in the silicon nitride powder are not less than 95% in terms of an
area ratio calculated from analysis of a scanning electron microscope (SEM) image of the powder. 2.
The silicon nitride powder for a mold release material for a mold of casting a polycrystalline silicon
ingot according to Claim 1, wherein a specific surface area value is between 0.5 and 13 m2/g.

Claims

1. A silicon nitride powder fcr a mold release material
foramoidof casting a polycrystalline silicon ingot, wherein
a percentage of primary particles of granular crystals

monodispersed in the silicon nitride powder are not less than
5% in terms of an area ratioc calculated from analysis of a

scanning electiren microscope (SEM) image of the powder.

2. The silicon nitride powder for a mold release material
for a mold of casting a polycrystalline silicon ingot
according to Claim 1, wherein a specific surface area value

is between 0.5 and 13 m?/g.

3. A slurry containing a silicon nitride powder for a mold
release layer for a mold of casting a polycrystalline silicon
ingot, wherein the silicon nitride powder for a mold release
material foramoldof castingapolycrystalline silicon ingot

according to Claim 1 is dispersed in water.

4, A mold release material for casting a polycrystalline
silicon ingot, which contains the silicon nitride powder for
a mold release material for a meold of casting a

polycrystalline siliceon ingot according to Claim 1.

5. A mold for casting a polycrystalline silicen ingot,

which comprises a mold release layer formed of the mold
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3. A slurry containing a silicon nitride powder for a mold release layer for a mold of casting a
polycrystalline silicon ingot, wherein the silicon nitride powder for a mold release material for a mold of
casting a polycrystalline silicon ingot according to Claim 1 is dispersed in water. 4. A mold release
material for casting a polycrystalline silicon ingot, which contains the silicon nitride powder for a mold
release material for a mold of casting a polycrystalline silicon ingot according to Claim 1. 5. A mold for
casting a polycrystalline silicon ingot, which comprises a mold release layer formed of the mold

release materinl agcording t0.Claim 4. formed in the janer surface QLamoldy, «he inner

surface of a mold.
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