WO 2011/ 078693PCT/ NO2010/ 000483 1 Silicon nitride based cruci ble The

present invention relates to a reusable silicon nitride containing crucible
and use oVOPRB/(7&8abl e silicon nitride containing cruciPBlEO2)HYy000483
crystallizing silicon. 5 Background: Fused silica and quartz crucibles are
the nost comonly used crucibles for the production of crystalline silicon
ingots for solar cell purposgs. These crucibles can only be used once and
therefore contribute to hi ghgamh@istf'gﬁ? 6€§?d Qﬁqﬁblﬂ es are 1lOneeded 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

hi gh pot enTheaprésent #vention felatesad icidueableasiicodl nitRieddoritainiry crib®le and
reusability of the crucible has been proven. Electrici téHproduced from

sol ar cel |Usefdhe gadsable sHicapmilrid sentainiag hsibles foeerys@almingsiieani city. It
is therefore very inportant for the 15solar industry to reduce the
producCtion cost of solar cells. A new reusable silicon nitride based

cruci bl e cBadklyromd.ri bute to this. A silicon nitride based crucible nust

not only be reusable, but also give better or equal silicon_ingot quality
conpar ed tfHsad:silica and guadz srygikigs gre themest eommanheysedraiusities iiithe el at es

to the qual bl o . , g e
cruci bl o 190en ot e SRR oR OGP Rolah 8l plised. Thédd dchiscéan
reusabl e sorly berusedtoricgeardt therdfoee contribate toddgh predudticarcosh\@recibisd dred
Silgrain(r oduced by El kem AS, as.raw material for the production of
cruci'Bl e. ’;ﬁé{qdﬂecﬁﬁysﬁ? I£¢ & 'CBPJ'EH”E)IV"Z“%}%QJ%%?J[%W% H@%@B- %H@/ mat eri al
has now b i 1 j il i j i uci bl e.
Sur pri 81 nal oy R oA Mo, Corihlrio e drRnaLel o el BBl C 01 o
and phospHmvedsgh paterdiab b teztiice The psdduation dostjof sdiadcelts: Thle reasability aff
elenments I jke Fe, ., Al and Ca. The_rel ative high content of B and P in the
Tngot | caudll T blediasRR oyRn Flsriaty REaduetL Bomian sy Ethaaeh  con
i ngot. A shbicC@xpdritdfd thiahlcdmBntiord) @feutAdityd 1tQ8 s rBfbre Yeff infiSortant16etHe a
specific resistivity in order to 30gi ve good solar cell ‘performance. WO
2011/167 86 SstarTinsigsto) iy Bobge 3he predystiep sost elsnlantaliss Al neyw reusable giéiceased

Cr B & e BRI A BB PETL AT G TP BLA B e
r ef er ence. ndiInyBE Ye @abld ot aNENgive bettel BReqliflsHMoni ingSNGuy BoMpaFRStoR
reusable silicon nitride containing crucible for crystallizing silicon,
wher ei n t Heardardifosed sibigpor spartacrycibles. bie patentrielaites toothierayality 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 relative 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 to provide a satisfactory ingot quality for the

production of solar cells and wafers. Further, the object of the present invention is



boron or a boron containing conpound in a concentration of <19 ppmy, and
further at | east one of the follow ng: a phosphorous or a phosphorous

cont ai ni gok0owrpand in a concentration of <3.7 ppnw. PoriNe2010/d0DS3
invention relates to use of a siliconznitride crucibles conprising at |east
one of the follow ng: a boron (B) or a boron containing conpound in a
concentration of <19 EPmN and _further a phosphorous (P) or a phosphorous

cont ai ni ntp RIGRAEFRYSARISSeRTt Bitidebasad eiuciieswhicharetpparttpgeniacethag
si licon. danhefatlsed s%:%ccfrlhgﬂe%n Stardd2fd Tu@é%*‘éili)féécfﬂ&ﬁal&& Refeftisiat er i al s

for preparing silicon nitride contalning cruci S are silicon, silicon
car bi de argfesed tcas tin tefertknceThese raw materials are available in different
qualities having different levels of inpurities. Elenments that are conmonly

20present are Al, Ca, Fe, Ti, B and P. Hi gher purity silicon nitride based

crucibl es eWhlrha® of8hd Giengght am nation to the ingot conpared to standard
fused si Ir‘ca—a'r{gl—qmn—ﬁ'uﬁ bles mainly due to | ower content of
i mpuri ti eShe présamdinventiongeovidesa reusablblsgicohantsidel comtainingesreaiblenfarer i al 25

properties c ared..to fused.sjlica and quartz crucibles. Th contain
rost |y i EnsEUBUEy Wagen heed CaRlF ihABis 8 BasT ot of bR TLGEBRGR L o
Fused si | hgRynedh BERIM CorftaifiPESRPS@Rd M & cBRENtYatiodfT < td Sismiv? ahgr m of

oxi de conpounds and these cruci bl es soften at high tenperature. 30A

cruci bl e fustharahieast one e the fallowing: 1a plwsphioreusder & phwdepharous ieantaimiag
crucible is never.in direct contfagé va th silicon. Any contam nation from
<3.

t he & uci B‘I)'@pﬂﬂg? "H?fcpﬂggntf?tb% Ph AP e and t hrough the coati ng.

Vol ati | e FoRRELMSS irveRtioh rélkes tbare of%pﬁiiiébrcﬁmmaﬂ@m@boﬁl\}ggémgeata@mr di ng
to solid-solid diffusion which is nuch WD 2011/ 078693PCT/ 010/ 000483 3

sl ower coapacéthea ligwingiiarberendB) oradedor containing gogwatnd idAuci bl es have

Pased cr ubpBraaian s Sstbenils Shi auiet PR ATE RN S BnGSelorbiE) Coften”
at hi gh t eom@airifdg £6mpdAnd daki doticeniatiomaf €3.7! e, forichystalfizingsiliconci bl es

has al so resulted in contam nation of the ingot. H gher purity coatings do
gi velhi gher quality ingots. The effects of using upgraded materials for

coating h i ; en et.al : "Silicon Nitride Coating and
Cruci bl e- RS DHEA O Y inbenfid Materials in the Casting of

Mul ti cr ysTakldonem&h rawaonateniglstfol prepraviggessiconmittidermntdaiolngadrasib(e2028) , 16( 2) ,
93-100. At _sone point the coptam nation omthe cqQating will.dgm nate the
cont am na?i"ﬁ‘ﬁ"’fsf”éﬁﬁnt%bmc[;?'ﬁ‘.’oﬁ'ﬂérﬁ%-t{- $9 r%"f?&%’é%@%’? avgilasinye t he
coating. | \ fréeRP RVERVGIMRIOBItIES SEIBRIEE Rt aré Baintdtag 1 n
order to ggééﬁteﬂ%hﬁgg?g@écog %god e]lual I {@tpcrldci bl es. Pure sirl icon i s'\?known
to remct gressnyavé Ah Ga,thepderB aaddP.t hus, it can be difficult to achieve

hi gh conversion. Sonme |evel of inpurities, like Fe, Al, Ca and Zr may

i nprove the nitridation.

Higher purity silicon nitride based crucibles will give less contamination to the ingot
“compared to standard fused silica and quartz 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 mainly 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



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- K58061MkehB i s the tenperature for nelting sili gginNcroidiRossuUC bl e.
The contam nation of B and P of the Sg-ingot could be due to the presence

of volatile B and P conmpounds. O her elenments as Fe, Al, Ca and Ti do not
contam nate the Si-ingot although present at nuch hi gher concentrations
conpar ed slower gaanpRred to gas diffusion: fused silige anddRMZEgUabEs have provablycon

St ani 1 caenebreaEFafy b sttt Ay A MR Pl s B & 1
<1l ppmv. fyé tdfie preBené®Bf 8xitle Compdumda aﬂd'th.épfh.e?!édﬂbd%t fergperatirbe nust
be below 3.7 ppnmw in order to not give any significant contam nation of the

Si-ingot. Preferably, the content of Pis <0.5 ppnw. 30 The B and P

henant s HrRelig BUING phIsBEEbalE BEHR C ERRE Y S8 RS R Bon | ot ©
al t hough pgsaaimatin éfehatinget. Highet pueiNédatinge e give Gigharualigfingbte. sane

type as WO 2011/ 078693PCT/ NO2010/ 000483 4 above was heated to 1400-1500
degree CellBe gffectsif usinghapgragedraateripls foneoatingchas beor discasepd by &ant
€,

12
reduced a 1S «bfi: ; O o] ' Al and
Ca were né)@seé;ne%ti%édsﬁlﬁ'ﬁlﬁ rsm? 'ﬁ&%@@? ﬁippﬂﬁdEﬁg@geﬁggﬁ@éﬁgpﬁgﬁfati | e at
t hese tenpeitérials @sthehCastiray of MbktichyastalimeaSilicon dfigetsg Rrbgfessencr uci bl e for
production of silicon ingot ifficult .

. b ) ) di whi ch
cont &nt of _hBtOé(ﬁHa'PSi@%&?g@éhée’gﬂé&?ﬂﬁ%%é @?Hﬁcﬂi‘@@"wngfi? IiCtF‘?calnf
cont am ”al:b{fﬂg}q \ﬁillt Mitd ﬁfé”cdrﬁ%ﬁnatiég%rﬁ%é ErLR:FbIé._ & AR Becompounds

could be vo e and sone parts would not be volatile due to sone io

reasons. hecesseanid inave shetostingpul d be present as boron nitride which is
not volatile. Therefore a series of tests were perfornmed in order to find
the limt of B and P that do not give any significant contam nation to the

sil'icon i pgator nigPPwity SilicohTanvAbfrial 8 dd heVe chargraniRaard rhalefiber ent
silicon nitride Dased cruci bles and conpared with a reference Si-ingot nade

i n aif usegreslucegoodrquslity erucities. fuirersdicon isknowgde reaets|owlyavittr aitiogednal
Foi | ow ng 8 4 ducarson B il R B, ke Ry e diebcron e A
produced fik®RbShl, Bahid 2t mainttovs e dititition. the anal ysis (1CP) possesses
the followi ng conposition: UnitEl enment, Analysis weight% Al 0,16 wei ght % Ca
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



0,011 wei ght% Fe 0,022 ppmaTi 13 ppmaB 19 ppmP 12 WO
2011/ 078693PCT/ NO2010/ 000483 5 reference Si-ingot. O her elenents of the

Si -ingot woepar®essoBy using crucible A had normal val uespcomoRoahobs3t he
reference Si-ingot. The results of test 1 show that snall ampunts of B and
Pin anitride based crucible will contam nate the Si-ingot. Oher elenents

even present in relative hi nts, do not_contamnate 5the Si-ingot.
Test 2: CRROVG waphsatedio {;@1%599@% e@H?ciTBPreB gnd ﬁ%’?tﬁf‘g'néﬁﬁas t he
foll ow ng Joteds QPyrifldiAd t ¥ g i 0 i ght % Ca
0,01 wei gﬁ@%ﬂ%ﬁ)&%@fbmﬂ&n& FaRRRafd? #hi¥ HeatBhO MY Anténti bth&d 9
elements like Fe, Al and Ca were not reduced. This indicates that B and P
compounds are volatile at these temperatures which are the temperature of use of

5 the crucible for production of silicon ingots.

It can be very difficult to predict which content of B and P in the crucible that would
not give any significant contamination to the silicon ingot. Some parts of the B and
P compounds could be volatile and some parts would not be volatile due to some
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:

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



ppmwTi 10 ppmvB 1 ppmaP 4,4 This Si-ingot had sane content of B as the
reference. The P content was significant higher than the reference. All
ot her cormwonrosl@s®@ats were simlar to the reference. ThipeTsNURem/dohest B
content of 1 pprmw and |Iower in the craici ble does not cause any

contam nation to the Si-ingot. Test 3: One Si-ingot has been made using

oo eheos e igadh el oot SLhER SO ek LG R A e
3,7 had normal values compared to the reference Si-ingot. The results of test 1 show

that small amounts of B and P in a nitride based crucible will contaminate the Si-

ingot. Other elements even present in relative high amounts, do not contaminate
5 the Si-ingot.

Test 2:

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

composition:

weight% O,
weight% Ca 0,01
weight% Fe 0,2
ppmw  Ti 10
ppmw B 1
ppmw P 4.4

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

composition:

weight% Al 0,0005

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




WO 2011/ 078693PCT/ NO2010/ 000483 6 This Si-ingot had sane content of B as
the reference. The P content was significant higher than the reference. All
ot her cormwonrosl@s®ats were simlar to the reference. ThipsTsNURMMtdaIs3B
content of <1 ppmw in the crucible does not cause 5any contam nation to the
Si-ingot. Test 4: One Si-ingot has been nade using crucible D. Crucible D
has the foll owi ng conposition: 10 UnitEl enment Anal ysis wei ght% Al 0, 0005
wei ght % Ca 0, 001 weight% Fe 0,2 ppmwTi 5 ppmaB <1 ppmwP <0,5 This Si-ingot
had same t R I el enent s
were sim ngrg ?gh?ﬁih{ae%gncﬁd}%gﬁg{ﬁg&?ﬁgp%' TBH%:Eﬁ(tgoeﬁr{\t 0 éb<1 ppmwv 15and
a P cont esignificarDhighenthaneherraferénee. ddl otber camswraglpnments aereaian téo t he
S 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

composition:

g
weight% Ca 0,001
weight% Fe 0,2
ppmw  Ti 5
ppmw B <1
ppmw P '<O,5

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

ingot

20



ingot 20 WD 2011/ 078693PCT/ NO2010/ 000483 7 CLAIMS 1. A reusable silicon
nitride containing crucible for crystallizing silicon, characterized in

t hat sai dworotivdB@3conpri ses at | east one of the foll owPog/NGRotowos3350r a
boron contai ni ng conpound in a concenfration of <19 ppnw, and further at

| east one of the follow ng: a phosphorous or a phosphorous contai ning
conpound in a concentration of <3.7 pppw_ 2. Silicon nitride containing
cruci ble according to claim1, wherei LAMMS10concentration of the
phosphorous or the phosphorous containing conpound preferably is <0.5 ppmw.

3. Silicon nitri de I O : j I | aLm.1 Qr. wherein

t he concentrat i10%\ rg@ g? h%l %{')c?g‘nﬁ'gﬁ ﬁc&erﬂ%ﬁﬁﬁérgg@?e afogicﬁﬁsq%@%rr'é&?ﬁlg%ar ef erably

s 5_ 1 15RaibteriZed idsthabdaid csutibleasormprisesdst leastnr® fi the fokuWing Sa berat

| east one of the follaow ng: a boron (Bg or . a ,bog)?rldéont ai ni ng_conmpound in a
0

conceht r atdr GhPYPNLLHIHPIRG, CURRPYNS N FORCEWEERR RAWoRrn& FgHE #or ous
contai ni ng?éé%%‘éué'f% %I%vﬁﬂﬁ%?ﬁaéﬁﬁérbgé‘oﬂéé)@gégg | n’cdcn?éinf?fglecﬁnﬁﬁb%derei .

cruci bles for crystallizing~silicon. gtoc

t he bor on inia ¢cdneehtration cbr8 Al ppmy. conpound is in a concentration of 1 ppmw.
256. Use according to claim4 or 5, wherein the phosphorous or the
phosphorous containing conpound is in a concentration of < 0.5 pprmw.

2. Silicon nitride containing crucible according to claim 1, wherein the
10 concentration of the phosphorous or the phosphorous containing compound

preferably is <0.5 ppmw.

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

15 ppmw.

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

20 concentration of <3.7 ppmw, for preparing crucibles for crystallizing silicon.

5. Use according to claim 4, wherein the boron or the boron containing compound

is in a concentration of < 1 ppmw.

25 6. Use according to claim 4 or 5, wherein the phosphorous or the phosphorous

containing compound is in a concentration of < 0.5 ppmw.



