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Abstract:Therewasadramaticincreamentabout30% peryearinphotovoltaicindustryinrecentyears.Andtherawmaterialofpho-

tovoltaicindustryisimpossibletoincreasemarkedlywithinnext10 ～ 15 years.Therefore, itisinevitabletoestablishanindependent

feedstocksystemofsolargradesilicon(SOG-Si) material.Inthispaper, atheoreticalanalysisaboutthefeasibilityofphosphorusre-

movalinmetallurgicalgradesiliconwithvacuumdistillation, thenanexperimentwasconducted.
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1　Introduction

SincesolarcellwasinventedinBell-lab, silicon
hasbeeninpredominantpositionasitsrawmaterial.
Therawmaterialofsolarcellcameprimarilyfrom
scrapsofsemiconductorindustry.Thesescrapeswere
re-meltedandcastedtomanufacturesolarcellwafer.
Duringtherecessionofsemiconductorindustry, itwas
veryimportantforthiskindofrawmaterialsupplysys-

tem.However, withthefastdevelopmentofphotovolta-
icindustryandthegradualresuscitationofsemiconduc-
torindustry, thesescrapshavenotbeensatisfiedthe
normaldevelopmentofsolarenergyindustry.Forthe
furtherdevelopmentofsolarcellindustry, itisnecessa-
rytoproducelowcostSOG-Siwitharawmaterialsup-
plysystemwhichwasindependentfromthesemicon-
ductorindustry.Inmetallurgicalgradesilicon( MG-
Si), phosphoruswasoneoftheimpuritiesthatwere
difficulttoremove.Accordingtothecharacteristicsof
phosphorus, vacuumdistillationwasconceivedtore-
movephosphorusinMG-Si.Someelementaryexperi-
mentshavebeenconductedtoinvestigatethismethod

and provide useful information for further re-
search

[ 1-6]
.

2　Theoreticalanalysis

Relationshipbetweenthesaturatedpressureand
temperatureisshowninequation1.

lgP=AT
-1
+BlgT+CT+D ( 1)

Where, A, B, CandDdenotecoefficientsre-
spectively, asshowninTable1.

Accordingtoequation1, saturatedpressureofliq-
uidofdifferentsubstancecanbeworkedoutatagiven
temperature.Fig.1 presentedtherelationshipbetween
lgPandTforphosphorusandsilicon, whichisahigh
saturatedpressureforphosphoruswithlowvolatilerate
atatmospherepressure, andislowsaturatedpressure
forsilicon, whichmeantitisdifficultforsilicontovol-
atileintogasfromrawmaterialatatmospherepressure.
At1732K, siliconbegantomeltandphosphorussub-
lime.Saturatedpressureofphosphorusexceeds108

Pa, whichmeansitwouldbedistilledoutofthesili-
con.Asaresult, theoretically, phosphorusandsilicon
couldbeseparatedusingvacuumdistillation.

Tab.1　ThevaluesofcoefficientsofA, B, CandD[ 7]

Element
lgP/Pa

A B C×103 D

T
/K

P(red) -2740 - - 9.965 M.P.～ B.P.

P(white)

Si -20900 -0.565 - 12.905 M.P.～ B.P.

　　Note:M.P., meltingpoint;B.P., boilingpoint.
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Fig.1　Relationshipbetweensaturatedpressure

andtemperatureforpuresubstance

3　Phasebalance

ForA-Bbinaryalloy, XA, gandXB, gindicatedthe

massratioofsubstanceAandBingasphase, andXA, l
andXB, lindicatedthemassrationofsubstanceAandB
inliquidphaserespectively.Obviously, XA, g+XB, g=
1 andXA, l+XB, l=1, thenfollowingequation2 ande-
quation3 canbecalculated.
XA.g = 1 +(XB.1 /XA.1 )· (γB/γA)· (p

＊
B /p

＊
A )

-1

( 2)

XB.g = 1 +(XA.1 /XB.1 ) · (γA/γB)· (p
＊
A /p

＊
B )

-1

( 3)

　　 Accordingtothecontentofimpuritiesinsilicon,
theprinciplesanddegreeabouttheseparationofimpu-
ritiescanbefoundoutthroughphasediagram.InSi-i
system, γSiwasapproximatelyequalto1.Thenaccord-
ingtoequation2 andequation3, liquid-gasphase
graphoftwobinaryalloysystemcanbeshownasin
Fig.2.AsthepresentedinFig.2, attemperatureof
1673K, 1773 Kand1873 K, phosphoruscontentin
gasphasewereallapproximatelyequalto100%,
whichindicatesthatseparationofphosphorusandsili-
concouldberealizedwhenphosphorusvolatileintogas
phasecompletelythroughvacuumdistillation.

Fig.2　EquilibriumdiagramofSi-Pbinarysystem

4　Experiments

Therawmaterialwasscreenedsolidpowderof
MG-Si.Vacuumdistillationwasconductedinthevacu-

umfurnace, whoseschematicdiagramwaspresentedin
Fig.3.

Fig.3　Schematicdiagramofexperimentalsetup

AsshowninFig.4, volatilerateincreasedwith
theincreaseofdistillationtime, whichindicatesthede-
creaseofphosphoruscontentinresidualslag.Themax-
imumremovalefficiencycouldbeabove97.3%, which
showsthatthereisagoodagreementbetweentheexperi-
mentalresultsandthetheoreticanalysis.

Fig.4　Influencesofdistillationtimeonremovalefficiency

5　Conclusions

At1723 K, thelongerthedistillationtimeis, the
higherthephosphorusremovalefficiencywillbe, and
themaximum removalefficiency could be above
97.3%.

Smallphosphoruscontentinresidualmaypartly
duetothesamecompoundphosphorusexistedinsili-
con.Existenceofphosphorussteamingasphasemay
alsocontributethelowphosphoruscontentintheresid-
ual.
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摘　要:近几年 , 光伏产业以 30%的速度持续强劲增长。作为原料的半导体工业副产品供应的不足并且在未来 10 ～ 15年

内也不能显著增加的情况下, 建立独立的太阳能级高纯硅原料供应体系是不可避免的。从理论上分析了利用真空蒸馏的方

法除磷提纯冶金级硅的可行性, 并进行了真空条件下脱磷的实验研究。
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