WO 2011/ 078693PCT/ NO2010/ 000483 1 Silicon nitride based crucible The
present invention relates to a reusable silicon nitride containing crucible
and use ofwhba1oBYabl e silicon nitride containing crusiblkensaniss
crystallizing silicon. 5 Background: 1Fused silica and quartz crucibles are
t he nbst commonly used crucibles for the production of crystalline silicon
ingots for solar cell purposes. These crucibles can only be used once and

t herefore contribute to hi ghSiticonuditide based. crociklebl es are i oneeded to
crystallize silicon fromwhich solar cells can be produced. The advant ages
of silicon nitride containing crucibles are that they are reusabl e and have
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sol ar cell susarcétha)wyawﬁ@ﬂlcmnén@wﬁ%mm arueibles deranystaliziag séicert ricity. It
Is therefore very inportant for the 15solar industry to reduce the
3. Cy s . .
production cost of solar cells. A new reusable silicon nitride based
cruci bl e c@@dottgramtiri bute to this. A silicon nitride based crucible nust

not only be re bl e, but .al so |ve tter or equal silicon . ingof quality
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cruci bl e. From patent NO317080 1t is known a nethod to produce a
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cruci bl'e. " Con Rt T de ofuc) e pro romthe same raw materi al
has now beeadvaetagesl obwlngmerdg containing crucities alertbai thgpard reuddbleiandcr uci bl e.
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nitride based crucible could contribute to this. A silicon nitride based crucible must
not only be reusable, but also give better or equal silicon ingot quality compared to
standard fused silica or quariz crucibles. This patent relates to the quality of silicon
ingots prodused in a silicon nitride based crucible.
20 |
From patent NO317080 it is known a method to produce a reusable silicon nitride
crucible. it was used a silicon powder called Silgrain® produced by Elkem AS, as
raw material for the production of crucible. A silicon nitride crucible produced from
the same raw material has now been tested by growing a multicrystalline ingot in
25 this crucible. Surprisingly, the silicon ingot contained much higher content of both .
boron and-phosphorous than expected. The silicon ingot had normal levels of
elements like Fe, Al and Ca. The reiative high content of B and P in the ingot
caused a large deviation from the expected resistivity in the silicon ingot. A silicon
ingot for the purpose of producing solar cells needs a specific resistivity in order to

30 give good solar cell performance.

The object of the present invention is o provide a satisfactory ingot quality for the
production of solar cells and wafers. Further, the object of the present invention is




WO 2011/ 078693PCT/ NO2010/ 000483 2 to prepare reusable silicon nitride based
cruci bl es which are neant to replace the standard fused silica crucibles.
St andard Lld.ca crucibles are hereinafter referr

reference. glrﬁér?g‘% of the invention;, The present invepﬁﬂ‘(%@ogoiogé&ges a
reusabl e silicon nitride containing crucible for crystallizing silicon,
wherein the crucible conprises at |east one of the following: a boron or a
bor on conttaiprépage causpblerailicon ratride basert caucibtes whick Bée peamt toaneglatarthber at

| east one of fhe.follow ng: . h hor of . _phosphor o cont_ai ni
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to use of refefrielitc ab the teférdacsr uci bl es conprising at | east one of the

followi ng: a boron (B) or a boron containing conmpound in a concentration of
<19 ppnmw;, and further a phosphorous (P) or a phosphorous cont ai ni ng

conpound id);An ho irAkh&gh-of <3.7 ppmw, for crystallizing silicon. 15
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properties conpared to fused silica and quartz crucibles. They contain

nostly ni tﬁufﬂj@f,dbﬁdﬂy@ﬁﬂon fﬁlﬁtﬂi to use afrﬁjsidi@pmaitrio&ﬁru@hl%tcomr@ﬁiru@iﬂ@asit ure.
Fused sili rtz . chilci j rﬂjl!?l rdfi in form of
oxi de corrpog‘%ncg?qe aﬁlbga\twh@ég b?f%rﬂ@fog%ﬁ?@@gﬁ%& ! aﬁwgwpotelba ure. 30A
cruci bl e icona¢meationcd 8 ppwiv;rard faithérca phosphorales () wilaemphesphdratis t he
crucible is pever in direct contact.wt Ll icon.. Any contam.nation from
She eruci t500tIEY chpPHAET 2 ERfcatEaudh bf's3 2 etV o s Re Skah no.
Vol atyjs| e conmpounds can di ffuse fast. Solid conpounds nust diffuse according
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efailed description of the invention

The common raw materials for preparing silicon nitride containing crucibles are

silicon, silicon carbide and silicon nitride. These raw materials are available in
different qualities having different levels of impurities. Elements that are commonly
20 present are Al, Ca, Fe, Ti, B and P.

Higher purity silicon nitride based crucibles will give less contamination to the ingot
‘compared to standard fused silica and quariz crucibles mainly due to lower
content of impurities. Silicon nitride based crucibles have also different material
25 properties compared to fused silica and quartz crucibles. They contain mostly
nitride compound impurities and do not soften at high temperature. Fused silica
and quartz crucibles contain mainily impurities in form of oxide compounds and

these crucibles soften at high temperature.

30 A crucible is always coated with a silicon nitride powder so that the crucible is
never in direct contact with silicon. Any contamination from the crucible must
diffuse from the crucible and through the coating. Volatile compounds can diffuse
fast. Solid compounds must diffuse according to solid-solid diffusion which is much




WO 2011/ 078693PCT/ NO2010/ 000483 3 sl ower conpared to gas diffusion. Fused
silica and quartz crucibles have probably higher content of volatile
conpounds congared to a silicon nitride based crucible due to the presence

of oxide ESPISUHES and that they soften at high tenper&FF"ERIMat i ng
;

covering at least parts ‘of the crucibles has also resulted in contamnination
of the ingot. Hi gher purity coatings do give higher quality ingots. The
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crucible. Then it will be necessary to inprove the coating. Use of high
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concent r atdoatisg wdqummedtettbeBoatalhlﬁatldntfrdra$hd§)emnlble)l]'rln&ntltrmil behe B 25cont ent
inasilicon nitri e base&}ﬂcru |bIe nmust be bel ow 19 ppnmw in order not to
give any SIGAPIATE WWBH? AN to the Si-ingot. Preferably, the content
of Bis <1 ppmw Further the content of Pin a silicon nitride based

cruci bl e must be bel gqw 3 é)rrw i n aorder to not gi signi fjcant
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It is believed that B and P in the silicon nitride crucible are likely to be present as

20 oxides. B and P oxides have relative high vapour pressure at 1400-1500°C which
is the temperature for melting silicon in the crucible. The contamination of B and P
of the Si-ingot could be due to the presence of volatile B and P compounds. Other
elements as Fe, Al, Ca and Ti do not contaminate the Si-ingot although present at
much higher concentrations compared to B and P. It has been found that the B

" 25 content in a silicon nitride based crucible must be below 19 ppmw in order not to

give any significant contamination to the Si-ingot. Preferably, the content of B is <1
ppmw. Further, the content of P in a silicon nitride based crucible must be below
3.7 ppmw in order to not give any significant contamination of the Si-ingot.
Preferably, the content of P is <0.5 ppmw.

30
The B and P compounds in the crucible must have different properties compared
to other elements present since they give contamination to the silicon ingot
although present at relative low concentrations. A crucible of the same type as




#,4 above was heated to 1400-1500 degree Celsius. The B and P content in
the crucible were significant reduced after this treatnment. The content of

ot her el e%g@é&&g Fe, Al and Ca were not reduced. Tm(ﬁ/ﬁd}moﬁ)ﬁ%% that B

and P conpoun e volatile at thesg tenperatures which are

tenperature of use of 5the crucible for production of silicon ingots. It
can be very difficult to predict which content of B and P in the crucible
t hat woul éboee wgs heateshtosidgha: 1500degresptelsivisnibe BranddP chetest inithen i ngot .
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conpared with a reference Si-ingot nade in a fused silica crucible. The

reference Si-ingot made in a traditional fused silica crucible is referred
to as the Iy ] Blips 1€ Hat I
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10 reasons. For example parts of B could be present as boron nitride which is not
volatile. Therefore a series of tests were performed in order to find the limit of B
and P that do not give any significant contamination to the silicon ingot.

Examples:

15 Several tests have been performed on different silicon nitride based crucibles and
compared with a reference Si-ingot made in a fused silica crucible. The reference
Si-ingot made in a traditional fused silica crucible is referred to as the reference Si-
ingot in the following examples.

20 Test 1.
A Si-ingot has been made by using crucible A produced from Silgrain®, which
according to the analysis (ICP) possesses the following composition:

weight% Al 0,16
weight% Ca 0,011
weight% Fe 0,022
ppmw Ti 13
ppmw B 19
ppmw P 12

25 The Si-ingot was analysed by GDMS. The boron (B) and phosphorus {P) content
of the Si-ingot prepared by using crucible A were significant higher than of the




reference Si-ingot O her elenents of the Si-ingot prepared by using
cruci ble A had normal val ues conpared to the reference Si-ingot. The

resu! ts O{Mqtf)ﬁtm}?ﬁhpw t hat sma! I'_ anounts of B and P iﬂﬂblﬂqdyoiowoﬁlfsaba.sed
crucible w contam nate the Si-inggt. Qther elenents even present in

rel ati ve high anounts, do not contam nate 5the Si-ingot. Test 2: One
Si -ingot has been nade using crucible B. Crucible B has the foll ow ng
conposi t i eeferengei SjtingetDhepeementy bt e iongot piepajad by msDaxragbe Ai 10 ppnw
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dn.t ' t . ) t ami nat i to t Si-i t.
15 Toat 3inasteOBeF PR QLT BiatSHHi - AYS (R AT Bl (6 "RabPRIBSE has ( ne
fol I owi ng tgeBRMYLE 1 on:  wei ght % Al 0, 0005 wei ght % Ca0, 001 ‘

Test 2:

One Si-ingot has been made using crucible B. Crucible B has the following

composition:

weight% Al 0,001
weight% Ca 0,01
weight% Fe 0,2
ppmw  Ti 10
ppmw B 1
ppmw P 44

10
This Si-ingot had same content of B as the reference. The P content was
significant higher than the reference. All other common elements were similar to
the reference. This shows that B content of 1 ppmw and lower in the crucible does

not cause any contamination to the Si-ingot.

Test 3.
One Si-ingot has been made using crucible C. Crucible C has the following

compaosition:

weight% Al 0,0005
weight% Ca 0,001
weight% Fe 0,3
ppmw  Ti 5
ppmw B <1
ppmw P 3,7




wei ght % Fe0, 3 pprmw Ti 5 ppnw B<1l ppnmw P3,7 WD 2011/ 078693PCT/ NO2010/ 000483
6 This Si-ingot had sane content of B as the reference. The P content was

signi ficarg ﬁhg@ﬁ gzt han the reference. Al other comMmDE-GkEEH) 60343/gere
simlar tot erence Thi s show hat B content of .<1 ppnmw i n the

cruci bl e does not cause 5any contanination to the Si-ingot. Test 4: One
Si -i ngot has been made using crucible D. Crucible D has the foll ow ng
conposition: 10 weight% Al 0, 0005 wei ght % Ca0, 001 wei ght % Fe0, 2 ppnmw Ti 5

ppmw B<1 pﬁﬂy"SEiﬁgoPhad same content of B as the reference. The P content was
significant higher than the reference. All other common elements were similar to
the reference. This show that B content of <1 ppmw in the crucible does not cause
5 any contamination to the Si-ingot.

Test 4:

One Si-ingot has been made using crucible D. Crucible D has the following

compaosition:

10

weight% Al 0,0005
weight% Ca 0,001
weight% Fe 0,2
ppmw  Ti 5
ppmw B <1
ppmw P . <05

This Si-ingot had same content of B and P as the reference. All other common
elements were similar to the reference. This shows that a B content of <1 ppmw

s and a P content of <0.5 in the crucible do not cause any contamination to the Si-
ingot

20




This Si-ingot had sane content of B and P as the reference. Al other
common el ements were simlar to the reference. This shows that a B content
of <1 ppnw 15and a P content of <0.5 in the crucible do not cause any
contam nation to the Si- ingot 20 7 CLAIMS A reusable silicon nitride
basedcrucible for crystallizing silicony characterized in that said
~crucible conprises at | east one of the follow ng: a boron or a boron
cont ai ni ng conpound in a concentration QLﬁﬁég ppmy, . and further at |east
one of the follow ng: a phosphorous or phorous contai ni ng conpound in
a concentration of <3,7 ppmw. 2. Silicon nitride basedcrucible according to

claim L wher el g (i GonGRA Al ed! Ne PNOSPGHANSOP /s ifizPROSARBAOUS

cont ai ni ng ¢conpound preferably I’s pp 3. I con
based_cruci bl e dtaractdiizegl inothat aaith ctucible zomprisesiah leabeonm ot thet following:&f  t he

boron or the bofon containin onpound preferably i 1 PPrawv. Use, of a
o111 con ni tri dePUSRIBA bR (LIRS EAGPBI £ dodpratafon L< T PPRN: B o
boron (B) or a hAgthen #toehsi PhEJof WP FHANinG! 8 plddpRGTbuRtdron posphiowdmw;
and further a phosphorous (P) or a phosphor otj?%%ont ai ni ng conmpound in a

concentration ofordaningcompoungin gcepeantialion p RPHAW: ri de based cruci bl es
for crystallizing silicon. 5. Use according to claim4, wherein the boron

or the boron COQHiE&ﬁ“d&Hd@QJE\%EH“d. s in ﬁﬂ&ﬁl@cﬁ%h‘?ﬁd R clim 3, Wik the Use
according to clarm4 or 5, wherein the phosphorous ~or the phosphorous
cont ai ni ng conpoenngntratiom of theo phesphoenusoer the phospmrpgsgentaining compound

preferably is <0.5 ppmw.

3. Silicon nitride based crucible according to claim 1 or 2, wherein the
concentration of the boron or the boron containing compound preferably is < 1
ppmMW.

4. Use of a silicon nitride composition comprising at least one of the following: a
boron (B) or a boron containing compound in a concentration of < 19 ppmw;
and further a phosphorous (P) or a phosphorous containing compound in a
concentration of <3.7 ppmw, for preparing silicon nitride bﬁsgg crucibles for
crystaliizing silicon. - | | |

5. Use according to claim 4, wherein the boron or the boron containing
compound is in a concentration of < 1 ppmw.

6. Use according to claim 4 or 5, wherein the phosphorous or the phosphorous
containing compound is in a concentration of < 0.5 ppmw. '




