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Methods for improving zero dislocation yield of single crystals
Abstract

A method of reinforcing a crucible for the containment of molten semiconductor material in a Czochralski process, artohgffarhiition of dislocations within a single
crystal grown by the process. The crucible includes a body of vitreous silica having a bottom wall and a sidewall forematiog egtfrom the bottom wall and defining a
cavity for holding the molten semiconductor material. The sidewall formation and bottom wall each have an inner and gaceutarfsst devitrification promoter is
deposited on the inner surface of the sidewall formation at a temperature below about 600.degree. C. The depositughencthéhatcible is heated above 600.degree.
C., afirst layer of substantially devitrified silica forms on the inner surface which is capable of promoting substafdiatydissolution of the inner surface and reducing
the release of crystalline silica particulates into the molten semiconductor material as a crystal is pulled from thenioltdocter material. A second devitrification
promoter is deposited on the outer surface of the sidewall formation at a temperature below about 600.degree. C. Thadefwitighen the crucible is heated above
600.degree. C., a second layer of substantially devitrified silica forms on the outer surface which is capable of réiafeitceays silica body.
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Claims

1. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading granular polycrystalline silicon into a crucible comprising a body of vitreous silica having a bottom wall andld@igetian extending up from the bottom wall
and defining a cavity for holding the molten semiconductor material, the sidewall formation and the bottom wall each inaengrahan outer surface, a first
devitrification promoter being on the inner surface of the sidewall formation, the inner surface of the bottom wall lafitshdefrification promoter; and

melting the polycrystalline silicon within the crucible to form a first layer of substantially devitrified silica on theurfiaee of the crucible which is in contact with the
molten silicon, the first layer of substantially devitrified silica releasing argon gas on the inner surface into the melt.

2. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading polycrystalline silicon into a crucible comprising a body of vitreous silica having a bottom wall and a sidewahfextetding up from the bottom wall and
defining a cavity for holding the molten semiconductor material, the sidewall formation and bottom wall each having ahanrartansurface, a first devitrification
promoter being on the inner surface of the sidewall formation and a second devitrification promoter being on the outéttisesatmvall formation; and

melting the polycrystalline silicon within the crucible to form a first layer of substantially devitrified silica on theurfiaee of the crucible which is in contact with the
molten-silicon and a second layer of substantially devitrified silica on the outer surface of the crucible;

the first substantially devitrified silica layer promoting uniform dissolution of the inner surface and retarding thefrefgssdlioe silica particulates into the molten silicon
as the crystal is pulled, and the second substantially devitrified silica layer reinforcing the vitreous silica body.

3. A process for preparing a silicon melt for lulling a single crystal by the Czochralski method, the process comprising:

loading polycrystalline silicon into a crucible comprising a body of vitreous silica having a bottom wall and a sidewahfextetding up from the bottom wall and
defining a cavity for holding the molten semiconductor material, the sidewall formation and bottom wall each having ahanr@rtansurface, a first devitrification
promoter being on the inner surface of the sidewall formation and a second devitrification promoter being on the outéttiseidatmvall formation; and

melting the polycrystalline silicon within the crucible to form a first layer of substantially devitrified silica on theurfiaee of the crucible which is in contact with the
molten silicon and a second layer of substantially devitrified silica on the outer surface of the crucible;

the first substantially devitrified silica layer promoting uniform dissolution of the inner surface and retarding thefrefgstsdlioe silica particulates into the molten silicon
as the crystal is pulled, and the second substantially devitrified silica layer reinforcing the vitreous silica body hetfestidevitrification promoter comprises
an-alkaline-earth metal selected from the group consisting of barium, magnesium, strontium and beryllium.



4. The mehod of daim 3 wheran the firstdewvitrifi caion promoter compsesbanum cabonate.

5. The method of claim 3 wherein the second devitrification promoter comprises an alkaline-earth metal selected fronsghsistiogpof calcium, barium, magnesium,
strontium and beryllium.

6. The method of claim 5 wherein the second devitrification promoter comprises barium carbonate.

7. The method of claim 3 wherein the first and second devitrification promoters comprise barium.

8. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading granular polycrystalline silicon into a crucible comprising a body of vitreous silica having a bottom wall andld@id®tian extending up from the bottom wall
and defining a cavity for holding the molten semiconductor material, the sidewall formation and the bottom wall each inaeingrahan outer surface, a first
devitrification promoter being on the inner surface of the sidewall formation, the inner surface of the bottom wall lafitshdehirification promoter; and

melting the polycrystalline silicon within the crucible to form a first layer of substantially devitrified silica on theurfiaee of the crucible which is in contact with the
molten silicon, the first layer of substantially devitrified silica releasing argon gas on the inner surface into the regittheH@st devitrification promoter comprises an
alkaline-earth metal selected from the group consisting of barium, magnesium, strontium and beryllium.

9. The method of claim 8 wherein the first devitrification promoter comprises barium carbonate.

10. The method of claim 8 wherein the crucible further comprises a second devitrification promoter on the outer surfabevatiiermation, said second devitrification
vromoter comprising an alkaline-earth metal selected from the group consisting of calcium, barium, magnesium, strontilhiusind ber

11. The method of claim 10 wherein the second devitrification promoter comprises barium carbonate.

12. The method of claim 8 wherein the first and second devitrification promoters comprise barium.

13. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading polycrystalline silicon into a crucible, the crucible comprising a body of vitreous silica having a bottom walklafeiieation which extends up from the bottom
wall and defines a cavity for holding the silicon, the sidewall formation having inner and outer surfaces, a first dewififarabter on the inner surface of the sidewall
formation, and a second devitrification promoter on the outer surface of the sidewall formation,

heating the crucible and polycrystalline silicon to form a molten silicon mass, and

forming a devitrified shell of .beta.-cristobalite on the inner surface of the heated crucible and a devitrified shelcaStbbgdite on the outer surface of the heated
crucible.

14. The method of claim 13 wherein the first devitrification promoter comprises an alkaline-earth metal selected fromahesisting of barium, magnesium, strontium
and beryllium.

15. The method of claim 14 wherein the first devitrification promoter comprises barium carbonate.

16. The method of claim 13 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpmdhsisfiog of calcium, barium, magnesium,
strontium and beryllium.

17. The method of claim 16 wherein the second devitrification promoter comprises barium carbonate.

18. The method of claim 13 wherein the first and second devitrification promoters comprise barium.

19. The method of claim 13 wherein the first devitrified shell comprises islands of vitreous silica surrounded by a ctay@mnaidevitrified silica.

20. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading polycrystalline silicon into a crucible, the crucible comprising a body of vitreous silica having a bottom waillewdlbfermation which extends up from the
bottom wall and defines a cavity for holding the silicon, the sidewall formation having inner and outer surfaces, anfirsinctbetinner surface thereof containing at least
about 0.1 mM of an alkaline earth metal per thousand square centimeters, and a second coating containing a devitrifatetiam pnemuter surface thereof,

heating the crucible and polycrystalline silicon to form a molten silicon mass which is in contact with a portion of thefauer

forming a continuous band of .beta.-cristobalite on the portion of the inner surface of the heated crucible which iswitedhtastolten silicon mass, and

forming a continuous band of .beta.-cristobalite on the outer surface of the heated crucible.

21. The method of claim 20 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpradghsistiog of calcium, barium, magnesium,
strontium and beryllium.

22. The method of claim 21 wherein the second devitrification promoter comprises barium carbonate.

23. The process of claim 20 wherein the first coating contains about 0.1 mM to about 0.6 mM of an alkaline earth mesalquesduawe centimeters of the sidewall
formation.

24. The method of claim 23 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpradghsistiog of calcium, barium, magnesium,
strontium and beryllium.

25. The method of claim 24 wherein the second devitrification promoter comprises barium carbonate.
26. The process of claim 23 wherein the alkaline earth metal is barium.

27. The method of claim 26 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpnadhsistiog of calcium, barium, magnesium,
strontium and beryllium.

28. The method of claim 27 wherein the second devitrification promoter comprises barium carbonate.

29. The process of claim 20 wherein the first coating contains about 0.15 mM to about 0.3 mM of an alkaline earth mesalmksduare centimeters of the sidewall
formation.

30. The method of claim 29 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpnadhsistiog of calcium, barium, magnesium,
strontium and beryllium.



31 The mehod of claim 30 wheren the secod dewutrifi caion promoter compsesbanum cabonate.
32. The process of claim 29 wherein the alkaline earth metal is barium.

33. The method of claim 32 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpnadhsistiog of calcium, barium, magnesium,
strontium and beryllium.

34. The method of claim 33 wherein the second devitrification promoter comprises barium carbonate.

35. A process for preparing a silicon melt for pulling a single crystal by the Czochralski method, the process comprising:

loading polycrystalline silicon into a crucible, the crucible comprising a body of vitreous silica having a bottom walklafeiaieation which extends up from the bottom
wall and defines a cavity for holding the silicon, the sidewall formation having inner and outer surfaces, a first dewifpifarabter on the inner surface of the sidewall
formation, and a second devitrification promoter on the outer surface of the sidewall formation,

contacting the outer surface of the crucible with a graphite susceptor,

heating the graphite susceptor, crucible, and polycrystalline silicon to form a molten silicon mass, and

forming a devitrified shell of .beta.-cristobalite on the inner surface of the crucible which contacts the molten silieod masvitrified shell of .beta.-cristobalite on the
outer surface of the heated crucible which contains the devitrification promoter and is in contact with the graphite susceptor.

36. The method of claim 35 wherein the first devitrification promoter comprises an alkaline-earth metal selected fromadbiesigting of barium, magnesium, strontium
and beryllium.

37. The method of claim 36 wherein the first devitrification promoter is an oxide, hydroxide, carbonate, oxalate, sitix@ale, fisvride or chloride of the alkaline-earth
metal.

38. The method of claim 35 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpnadhsistiog of calcium, barium, magnesium,
strontium and beryllium.

39. The method of claim 38 wherein the second devitrification promoter is an oxide, hydroxide, carbonate, oxalate redicetefyaride or chloride of the alkaline-earth
metal.

40. The method of claim 35 wherein the first and second devitrification promoters comprise barium.
41. The method of claim 35 wherein the first devitrified shell comprises islands of vitreous silica surrounded by a claymaiidevitrified silica.
42. The method of claim 35 wherein the inner surface of the bottom wall does not have a devitrification promoter on ttesoface

43. The method of claim 42 wherein the first devitrification promoter comprises an alkaline-earth metal selected fromdbesigtiog of barium, magnesium, strontium
and beryllium.

44. The method of claim 43 wherein the first devitrification promoter is an oxide, hydroxide, carbonate, oxalate, siixake, faesride or chloride of the alkaline-earth
metal.

45. The method of claim 42 wherein the second devitrification promoter comprises an alkaline-earth metal selected frpradhsisfiog of calcium, barium, magnesium,
strontium and beryllium.

46. The method of claim 45 wherein the second devitrification promoter is an oxide, hydroxide, carbonate, oxalate reficeteflyaride or chloride of the alkaline-earth
metal.

47. The method of claim 42 wherein the first and second devitrification promoters comprise barium.

48. The method of claim 42 wherein the first devitrified shell comprises islands of vitreous silica surrounded by a cayamaigevitrified silica.

49. A process of preparing a crucible for the containment of molten silicon in a Czochralski method, the crucible compdgiof\dreous silica having a bottom wall

and a sidewall formation extending up from the bottom wall and defining a cavity for holding the molten silicon, the sigieatadhfand bottom wall each having an inner
and an outer surface, the process comprising

depositing a devitrification promoter on the inner surface of the sidewall formation at a temperature below about 600 @edjieea Eoncentration which is sufficient to
promote the formation of an exposed substantially devitrified silica layer on the inner surface of the sidewall formatios evheible is heated to a temperature in excess
of 600.degree. C., the substantially devitrified layer on the inner surface of the sidewall formation being capable sddieewylai the molten silicon; and

depositing a devitrification promoter on the outer surface of the sidewall formation at a temperature below about 600aiedjiee Encentration which is sufficient to
promote the formation of an exposed substantially devitrified silica layer on the outer surface of the sidewall formati@arinehle is heated to a temperature in excess
of 600.degree. C., the substantially devitrified layer on the outer surface of the sidewall formation being capablein§riiafeitceous silica body.

50. The process as set forth in claim 49 wherein the step of depositing the devitrification promoter on the outer sar&devedltfiormation includes heating the crucible
and spraying the heated outer surface with an aqueous solution of the devitrification promoter.

51. The process as set forth in claim 50 wherein the aqueous solution in mixed with carbon dioxide gas as it is sprayedtensoitface.

52. The process of claim 49 wherein a devitrification promoter is not deposited on the inner surface of the bottom wall.

53. The process of claim 49 wherein the devitrification promoter comprises barium.

54. The process of claim 49 wherein the devitrification promoter comprises barium and the barium is deposited in a conteetraéien about 0.1 mM/1000 cm.sup.2
and about 0.6 mM/1000 cm.sup.2 on the inner surface of the sidewall formation and in a concentration of between abou00.&rm&4fi@ and about 1.2 mM/1000
cm.sup.2 on the outer surface of the sidewall formation.

55. A process for preparing a molten silicon mass for pulling a single crystal by the Czochralski method, the procesg comprisin

heating a charge of polycrystalline silicon in a crucible to form the molten silicon mass, the crucible comprising a sledy®silica having a bottom wall and a sidewall
formation extending up from the bottom wall and defining a cavity for holding the molten silicon, the sidewall formatidtoemd/albeach having an inner and an outer
surface of vitreous silica; and

forming a devitrified shell of .beta.-cristobalite on the inner and outer surfaces of the sidewall formation of the crewitiie wiarge of polysilicon is heated to form the
molten silicon mass.

56. The process as set forth in claim 55 wherein prior to the melting of the polycrystalline charge in the crucibleaticeonier surfaces of the sidewall formation have a



depost of bariumin a concentran d between aout0.1 mM/1000cm.sup2 to @out0.6 mM/1000cm.sup2 upon hem.

57. The process as set forth in claim 55 wherein a devitrified shell of .beta.-cristobalite is formed on the inner sefaickewatl formation but not on the inner surface of
the bottom of the crucible.

Description

BACKGROUND OF THE INVENTION

The present invention relates generally to processes for improving zero dislocation yield and throughput of silicon &itey¢g@mysin crucibles by the Czochralski
method. The invention particularly relates to processes for preparing fused quartz crucibles having one or more surfemes lveiinhireated with a devitrification
promoter.

Single crystal silicon which is the starting material for most processes for the fabrication of semiconductor electrorentsoimpommonly prepared with the so-called
Czochralski process. In this process, polycrystalline silicon (“polysilicon”) is charged to a crucible, the polysilicenljsarsetd crystal is immersed into the molten
silicon and a single crystal silicon ingot is grown by slow extraction.

The crucible of choice for use in the Czochralski process is commonly referred to as a fused quartz crucible or simpyuaibleasiad is composed of an amorphous
form of silica known as vitreous silica. One disadvantage associated with the use of vitreous silica, however, is tlweféatrinaints on the inner surface of the crucible
can nucleate and promote the formation of cristobalite islands in the vitreous silica surface (the islands being cemterat] @abayt the contamination site) as the
polysilicon is melted and the single crystal ingot is grown. The cristobalite islands can be undercut and released ag@#réddson melt, causing the formation of
dislocations in the silicon ingot. The cristobalite islands can be undercut, for example, by the action of a low meitrigjeistéotmed at the interface between the
vitreous silica and cristobalite as described by Liu et al., "Reaction Between Liquid Silicon and Vitreous Silica," JeMai#R)Rp. 352 (1992). Other mechanisms by
which the cristobalite islands are undercut and released into the melt are also known in the art.

Crucibles formed from vitreous silica may also exhibit a loss of structural integrity when subjected to the extreme tenep@eiereeed during the melting of the
polysilicon charge or the growth of the silicon ingot. In general, these crucibles soften with increasing temperaturefeedarghsto easily flow under an applied stress
when the crucible wall temperature exceeds 1817.degree. K. Thus, graphite susceptors are frequently used to supped.tBespiteilslich reinforcement, however,
quartz crucibles may buckle during the polysilicon melting and the crystal growth phases of the process, or when mdohawictidairystal puller occurs resulting in
prolonged holding periods at high temperatures. Buckling occurs most often during remelt of an imperfect crystal or bregtingodfsilicon (i.e., granular polysilicon
formed in a fluidized bed).

Pastor et al. disclose in U.S. Pat. No. 4,429,009 a process for converting the vitreous silica surface of a crucib#gite foistubd purpose of passivating and enhancing
the stability of the surface. In this process, the vitreous silica surface is exposed to an atmosphere containing atatradémapezature of 1200.degree. C. to
1400.degree. C. for about 24 hours to convert the surface to .beta.-cristobalite and then cooled to a temperature260etegtiean C. which causes the .beta.-cristobalite
to be transformed to .alpha.-cristobalite. When the crucible is thereafter reheated to an elevated temperature foistedegioaiog process, the .alpha.-cristobalite layer
transforms to .beta.-cristobalite. Experience has shown, however, that the .alpha.-cristobalite to .beta.-cristobaditesfuinerssions cause the devitrified surface to crack
and form particulates on the surface. These particulates are released from the devitrified surface into the silicomgétie éatrsation of dislocations in the silicon ingot.

Other methods of treating crucible surfaces have also been proposed. Japanese Kokai No. 52/038873 discloses the usenpfta keadiate the inner crucible surface
in order to remove electrostatically adhering metallic contaminants to reduce formation of oxidation induced stacking &didemnisingle crystal. Japanese Kokai No.
60/137892 describes a method of subjecting a crucible to electrolysis to remove alkali metals from the crucible whictedeneth®incidence of lattice defects and
crucible deformation. U.S. Pat. Nos. 4,956,208 and 4,935,046 describe crucibles having an opaque outer shell and graienéquartg layer substantially free from
bubbles for controlling the transfer of oxygen into a silicon melt. The inner layer is also described as being effeqtiresBirguthe growth of cristobalite at the crucible
melt interface, preventing the cristobalite from dropping off into the melt and disturbing growth of the crystal. Manyti@fdtmesets do not strengthen the walls of the
crucible against deformation when subjected to severe temperatures, nor do they control the devitrification processrinetaf prelien silicon.

U.S. Pat. No. 4,102,666 describes the formation of a thin crystalline silica layer on the outer surface of a diffusionpxdye tits thermal dimensional stability. The outer
surface of the tube is treated with crystallization promoting nuclei such as oxides, carbides or nitrides of boron, alwsiplhwn,g, antimony, zinc, magnesium, calcium,
gallium or Group IV elements of the periodic table. The nuclei promote very slow devitrification which is said to incresefaltlie of the diffusion tube. The diffusion
tubes are used in processing semiconductor wafers at temperatures of up to about 1300.degree. C. which is significhatiofielungt point of vitreous silica.

There is a need for quartz crucibles having greater structural stability to prolong the useful life of the crucibles drtbfmewation and buckling of the crucibles during
melt down and crystal growth. Crucibles that release fewer particulate contaminants into the silicon melt are also neealegltteeiyield and throughput of zero
dislocation (i.e., dislocation-free) single crystals grown by the Czochralski process.

SUMMARY OF THE INVENTION

Among the objects of the invention, therefore, may be noted the provision of a crucible having increased structuréhstatmlifgjon of a crucible that releases less
contaminants into the silicon melt, and the provision of a crucible which provides improved yield and throughput of zgrordsshage crystals grown by the Czochralski
process.

The present invention is directed to a method of reinforcing a crucible for the containment of molten semiconductor ma&edahialski process, and of inhibiting
formation of dislocations within a single crystal grown by the process. The crucible includes a body of vitreous siliealimtongwall and a sidewall formation

extending up from the bottom wall and defining a cavity for holding the molten semiconductor material. The sidewall fordhatitiora wall each have an inner and an
outer surface. A first devitrification promoter is deposited on the inner surface of the sidewall formation at a tempevatinelite500.degree. C. The deposit is such that,
when the crucible is heated above 600.degree. C., a first layer of substantially devitrified silica forms on the innghsirfacapable of promoting substantially uniform
dissolution of the inner surface and reducing the release of crystalline silica particulates into the molten semicondiatt@s matgstal is pulled from the molten
semiconductor material. A second devitrification promoter is deposited on the outer surface of the sidewall formatioeraitaréebgbow about 600.degree. C. The deposit
is such that, when the crucible is heated above 600.degree. C., a second layer of substantially devitrified silica favaterasutfece which is capable of reinforcing the
vitreous silica body.

Another embodiment of the invention is a method of minimizing void defects within a single crystal grown by the CzocluedskiSuoh defects are caused by argon gas
entrapment at an inner surface of a crucible. The crucible has a diameter greater than 35.56 cm (14 inches), and incbfdésenbsdilica having a bottom wall and a
sidewall formation extending up from the bottom wall and defining a cavity for holding the molten silicon. The sidewatirf@nahthe bottom wall each have an inner and
an outer surface. The silicon melt is formed from granular polysilicon. The first devitrification promoter is depositedrat theface of the sidewall formation at a
temperature below about 600.degree. C. The deposit is such that, when the crucible is heated above 600.degree. Cof atipstémyelly devitrified silica forms on the
inner surface. The inner surface of the bottom wall lacks the first devitrification promoter such that argon gas is oafetigethfrer surface into the melt before the crystal
is pulled from the molten silicon.

Yet another embodiment of the invention is a process for preparing a silicon melt for pulling a single crystal by thekCmuethieds Polycrystalline silicon is loaded into

a crucible which comprises a body of vitreous silica having a bottom wall and a sidewall formation extending up from tiebeitahdefining a cavity for holding the
molten semiconductor material. The sidewall formation and bottom wall each have an inner and an outer surface. A featideytgimoter is on the inner surface of the
sidewall formation and a second devitrification promoter is on the outer surface of the sidewall formation. The polysyistadimgthin the crucible is melted to form a
first layer of substantially devitrified silica on the inner surface of the crucible which is in contact with the molterasdieosecond layer of substantially devitrified silica
on the outer surface of the crucible. The first substantially devitrified silica layer promotes uniform dissolution of thefameeand retards the release of crystalline silica
particulates into the molten silicon as the crystal is pulled. The second substantially devitrified silica layer reinfateessuthsilica body.
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loaded into a crucible comprising a body of vitreous silica having a bottom wall and a sidewall formation extending ugbbtiomnttveall and defining a cavity for holding
the molten semiconductor material. The sidewall formation and the bottom wall each have an inner and an outer surtieétrifidmtibn promoter is on the inner surface
of the sidewall formation. The inner surface of the bottom wall lacks the first devitrification promoter. The polycryiitailinis snelted within the crucible to form a first
layer of substantially devitrified silica on the inner surface of the crucible which is in contact with the molten silionrgasres released from the inner surface of the
bottom wall into the melt.

Other objects and advantages of the invention will be apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are schematic vertical sections illustrating internally and externally treated crucibles embodying thegmésant in
FIG. 3 is a top view of the crucible of FIG. 2; and

FIGS. 4 and 5 are schematic vertical sections illustrating internally and externally devitrified crucibles embodying it invent
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In accordance with the present invention, it has been discovered that the yield and throughput of dislocation-freelsilcgstaiags significantly improved by uniformly
coating at least one surface of a conventional fused quartz crucible with a devitrification promoter before the criegiblatls silicon or otherwise used in a Czochralski
process. The deposited devitrification promoter provides nucleation sites on the surface of the crucible. During the iQrochssisk general, and the melting of the
polysilicon, in particular, stable crystal seed nuclei form at these nucleation sites and the vitreous silica at thertaceilolig/stallizes, forming a substantially uniform and
continuous devitrified shell of .beta.-cristobalite on the surface of the crucible. When the devitrified shell is formediten sheface of the crucible, the shell strengthens
the crucible and maintains its shape. The surface treated crucible does not deform or buckle because the devitrifiedrstiatichpsint of about 2000.degree. K., which
exceeds both the maximum temperature employed in a Czochralski process and the softening point of vitreous silica (1R1)7 Alegiestantially uniform and
continuous devitrified shell formed on the inner surface of the crucible dissolves uniformly when in contact with a sili€slocations formed in a growing crystal are
thus minimized when an internally surface-treated crucible is used because .beta.-cristobalite particles are not réheasesdt ibyothe devitrified shell.

Turning now to FIG. 1, there is shown a crucible 10 having a bottom wall 12 and a sidewall formation 14 extending updttmmtvalb12 and defining a cavity for
holding molten semiconductor material. The sidewall formation 14 and bottom wall 12 have respective inner surfaces befdiSsanfiaces 20, 22. An external coating 24
(not to scale) is on the outer surface 20 and forms a layer having a high density of nucleation sites which surrourids dféhexsatewall formation 14. An internal
coating 26 (not to scale) covers the inner surfaces 16, 18, forming a layer having a high density of nucleation siteseaering of the crucible 10. Coatings 24, 26
include a devitrification promoter.

When the crucible is heated to melt the polysilicon during the Czochralski process, the devitrification promoter reaetstvatuthsilica to form crystalline nuclei on the
surfaces of the crucible. A promoter containing barium, for example, reacts with vitreous silica to form crystalline aucleible surface when the crucible is heated to a
temperature in excess of about 600.degree. C. As the melting process continues, the silicon melt and the graphite sissaepthuciey agent and promote the rapid
growth of these crystalline nuclei at the surface in a radial direction from the nucleation sites. In the presenceoof theltsdicthe graphite susceptor, these crystalline
nuclei grow to confluence, that is, a continuous ceramic shell is formed on the crucible.

Some devitrification promoters such as barium are released into the silicon melt where the promoters come into contagwvilfhtheemainder of the devitrification
promoter, however, remains adhered to the upper portion of the inner surface 16, forming a layer 28 which does not slewitrifynalSIGS. 4 and 5.

When the outer surface of the sidewall formation 30 comprises a devitrified surface 32, this surface reinforces theZusedibieartn addition, an inner devitrified
surface 34, which forms on the portion of the sidewall formation 30 in contact with the silicon melt 36, inhibits the fafmagibborne crystalline silica particulates while
growing a silicon single crystal.

The outer devitrified surface 32 and the inner devitrified surface 34 are layers of substantially devitrified silica. 5es péithe present invention, substantially devitrified
silica can be entirely composed of devitrified silica. Such a layer would be formed when the inner surface of the crufdtelyscoated with the devitrification promoter.
Alternatively, the substantially devitrified silica can primarily contain devitrified silica with some exposed islando$\siliea in the otherwise continuous devitrified
layer. Such a layer would be formed when minor portions of the inner surface of the crucible are not coated with thetideviirdimoter during the coating process.
Vitreous silica islands would not significantly contaminate the melt with crystalline particulates because the vitreousoigldmis undermine the surrounding devitrified
silica to cause it to be released into the melt.

In an alternative embodiment illustrated in FIGS. 2 and 3, the internal coating 26 (not to scale) covers the inner suttiecedivall formation 14. The inner surface 18
of the bottom wall 12 is uncoated. When granular polycrystalline silicon is stacked within a crucible, argon gas fronutldénguatmosphere is present between the
silicon beads. As the silicon is melted, the argon gas becomes trapped at the crucible surface by the melt. The belaisled arel tehvel to the melt surface prior to
crystal growth when the inner surface of the crucible is uncoated. However, the bubbles are released into the meltalgimg/ttnystd incorporated into the crystal as
they reach the melt-crystal interface when the crucible has an inner coating on the sidewall formation 14 and bottorhenvatbd®. Gubbles remain trapped within the
melt on the coated bottom wall for a longer period of time because the coated surface has a higher surface tension dltesh laottoncaevall surface. Argon gas entrapped
within a growing crystal forms void defects in the crystal. It has been discovered that argon is not trapped in theingystgbthirgrowth in large diameter (i.e., 45.72 cm
(18 inch) and 55.88 cm (22 inch) diameter) crucibles if the inner surface 16 of the sidewall formation 14 is coated andtindenl8 of the bottom wall 12 remains
uncoated. The outer surface 20 of the crucible can be coated or uncoated. In a small crucible having a 35.56 cm (14téch) @2Bidch) diameter, it has been found
that argon bubbles are trapped in the crystal during crystal growth when the inner surfaces 16, 18 of the crucible aréhaocoétedurface 20 is preferably coated to
prevent the small crucible from buckling.

Although the crucible 10 includes coatings 24, 26 as shown in FIGS. 1 and 2, zero dislocation yield and throughput amvetw/hep only the internal coating 26 or
the external coating 24 is applied to the crucible. It is preferred that the outer surface 22 of the bottom wall 12 remiadssistbiown in FIGS. 1 and 2. Coating the outer
surface 22 increases the cost of the crucible without improving crucible performance.

The coatings 24, 26 each contain at least one devitrification promoter which provides crystal nucleation sites on thé sisfa@2@s22 of the crucible 10. Devitrification
promoters suitable for coating the interior or exterior surfaces of the crucibles of the present invention include alkatieéakarides, carbonates, hydroxides, oxalates,
silicates, fluorides, chlorides, and peroxides, boron trioxide, and phosphorus pentoxide. Some devitrification prometetgasiweh dioxide, zirconium dioxide, ferric
oxide, ion pairs of an alkaline-earth metal cation and an organic anion including alkaline-earth metal formates, aceiatéespsaticylates, stearates and tartrates, and
promoters containing transition metals, refractory metals, lanthanides or actinides, can be used to coat the outer 28rfates@@pt preferred for coating inner
surfaces; these promoters can cause crystal defects or reduce device lifetime if applied to the inner surfaces 16iH8 @a@pperc sodium and alkali metals are
particularly unsuitable for coating interior or exterior surfaces of the crucible. Although these devitrification promiotérs gsed in preparing the crucibles of the present
invention, others which do not cause defects in the crystal or reduce device lifetime if incorporated into the crystatede pref

The devitrification promoter is preferably an alkaline-earth metal selected from the group consisting of calcium, barisiumrmagioatium and beryllium. The
alkaline-earth metal can be in any form which adheres to the crucible surfaces. The alkaline-earth metal can be in tihe éemedit (e.g. Ba), a free ion (e.g. Ba.sup.2+),
or an ion pair with an organic anion such as an oxide, hydroxide, peroxide, carbonate, silicate, oxalate, formate, @oatats, qaiicylate, stearate, tartrate, fluorine, or
chlorine. Preferably, the devitrification promoter is an oxide, hydroxide, carbonate or silicate of an alkaline-earth metal.

The coatings 24, 26 must contain sufficient devitrification promoter to nucleate a layer of substantially devitrifiedcsiticen&ation of at least about 0.10 mM of
alkaline-earth metal per thousand square centimeters generally provides a uniform coating capable of promoting deVftefizatder concentration is used, the nuclei
may be too small to grow at a rate exceeding dissolution by the melt. Consequently, the nuclei are dissolved beforgorrystalliza particularly in a large diameter (e.g.,
55.88 cm) crucible with a higher temperature melt at the crucible wall. When the interior surface of a crucible is coategntnation must be low enough to prevent
impurities within the coating composition from contaminating the melt and causing poor minority carrier lifetime and oxggestagking faults. In general, therefore, it

is preferred that the concentration of alkaline-earth metal applied to the interior of the crucible not exceed about S0omdAmesquare centimeters of surface area to be



coatel. Although concentrabns greateian50 mM dkaline-earth meta per hiousal square ceneters caive apyied to the exteror o a crudble without great concernfo
contaminating the melt, experience to date has shown that the performance of the crucible is not improved at great@rriRefgably, the concentration of
alkaline-earth metal deposited on the inner surface of the crucible ranges from about 0.10 mM/1000 cm.sup.2 to about 006EmB1.a@ and, more preferably, ranges
from about 0.15 mM/1000 cm.sup.2 to about 0.30 mM/1000 cm.sup.2. An externally coated crucible preferably has an alkal@tatearibentration ranging from about
0.10 mM/1000 cm.sup.2 to about 1.2 mM/1000 cm.sup.2 and, more preferably ranges from about 0.30 mM/1000 cm.sup.2 torAbED0D 6dn.sup.2.

When the interior of the crucible is coated, the devitrification promoter most preferably has a segregation coefficeengl@sstithhes.10.sup.-8, indicating that the
concentration of impurities within a grown crystal will be less than 0.05 parts per trillion atomic (2.5.times.10.sup.8)cihsumost preferred devitrification promoter is
barium, which is not readily incorporated in a growing crystal even when a considerable amount of barium is presentiegthimeltsiCalcium can be an unsuitable
devitrification promoter when used in coating the interior of a crucible because it is incorporated into a crystal at@bmgiteation than barium at the same melt
concentrations and can cause defects in the crystal.

When the exterior of the crucible is coated, the segregation coefficient of the devitrification promoter is insignificeatifneceities on the crucible exterior generally do
not affect the purity of the silicon single crystal.

The surface-treated crucibles of the present invention are prepared by applying a coating containing the devitrificagoioprsudace of a conventional fused quartz
crucible. Any fused quartz crucible that can be used in a Czochralski process can be surface-treated in accordanceemttinbention. Suitable crucibles are
commercially available from manufacturers including General Electric Company and Toshiba Ceramics, or can be manufadingtbdcamvn methods, such as the
method described in U.S. Pat. No. 4,416,680. Many commercially available crucibles have been treated to reduce thecikatntettbn in the crucible. However, some
of the crucibles have sodium, potassium and other alkali metals concentrated on their outer surfaces because of incoaiplerngimeatment. Alkali metals are
preferably removed from the outside surface of a crucible before an external coating is applied to the crucible. Iftké&adsiale not removed prior to applying the
coating, the devitrified shell formed in accordance with the present invention may be separated from the crucible byoaviayeltiof silicates. Devitrification proceeds
very quickly as the crystal is grown and the crucible may buckle away from the devitrified shell.

A crucible surface can be coated by any method which deposits the devitrification promoter onto the surface, such ag dnisprticoating processes. A crucible is
drip coated by dripping an aqueous or solvent based solution of a devitrification promoter onto the surface and debtantimageofit solvent after the promoter has
adhered to the crucible surface. For example, an aqueous solution containing a barium oxide, hydroxide, peroxide, testbenate)ae, formate, acetate, propionate,
salicylate, stearate, tartrate, fluoride, or chloride devitrification promoter can be used to coat the crucible surfab gofufion contains 2 mM barium hydroxide
octahydrate per 21 ml water. The solution is dripped onto the surface of the crucible as the crucible is rotated ttheistilotitn evenly across the surface. The barium
hydroxide reacts with carbon dioxide in the air and precipitates as barium carbonate onto the crucible surface as watlerienplisities are decanted off of the crucible.
The barium hydroxide reacts with ambient or applied carbon dioxide gas to form the less soluble barium carbonate. Qmnoectirbdrzaiie dries on the surface, the
crucible can be stored for later use in a Czochralski process.

Although not preferred, acid solutions or salt solutions can also be drip coated onto a crucible surface and the devyitafivatts can be precipitated onto the surface.

When the inner surface of the bottom portion of the crucible (as shown in FIGS. 2 and 3) is not to be coated, the asitiinedsgp that the solution will not drip onto
the inner surface. Alternatively, the entire inner surface of the crucible can be coated and the inner surface of thetibatean pe etched with hydrochloric acid and
water and then rinsed to remove the barium as barium chloride which is very soluble in water.

The drip coating method is preferred when treating the interior surface of a crucible because most of the impuritiesausheohgion are decanted off and do not adhere
to the crucible surface.

Another method for coating a crucible surface involves spraying a heated crucible with a solution containing a devjiriicetiento adhere the promoter to the crucible
surface. In a preferred spray coating method, carbon dioxide gas and the barium hydroxide solution described aboveemmestjnspitayed onto a crucible that has been
heated to about 200 to about 300.degree. C. The barium hydroxide immediately adheres to the crucible surface andosveatéellp darium carbonate upon contact
with the carbon dioxide. The surface is then simultaneously sprayed with water and carbon dioxide gas to complete threafdrarausichydroxide to barium carbonate.
Sufficient conversion is obtained once the pH of the coated surface is 9.5 or lower, preferably below about 8.

The spray coating method is preferred for coating the exterior of the crucible. Heating the crucible provides betterafdherdaegrification promoter and improves
safety by reducing the risk of inhalation and ingestion of the promoter. A spray coated crucible also has a more unitrslyfecatand can be transported without the
coating being abraded off during transit. Although the spray coating method generally introduces more impurities onte flseicuidantamination of the exterior of the
crucible does not affect the purity of the silicon single crystal.

When the crucible formed by either method is used in a Czochralski process, the crucible is filled with polysilicon atwrhelatibxe polysilicon. The alkaline-earth metal
or other devitrification promoter creates nucleation sites as the crucible is heated to the melt temperature. For exmmgéebbagte becomes unstable as the crucible is
heated and converts to barium oxide which readily reacts with silica on the crucible surface to form barium silicatenTbeehanucleation sites once the crucible is
heated to about 600.degree. C. Crystallization occurs at the nucleation sites as the silicate is heated, and continuiethéhcoysshbgrowth process, forming a ceramic
shell on the crucible surface.

Although the alkaline-earth metal hydroxide solution is preferred in coating crucibles of the invention, oxalate, oxide, patiold, propionate, salicylate, formate, acetate,
stearate, tartrate, carbonate and silicate solutions can also be directly applied to the crucibles via the spray qoatiagray drethods. If an alkaline-earth metal carbonate
or oxalate is applied to the surface, the carbonate or oxalate converts to an oxide as described above. The oxide itheéheeslata wrucible to form a silicate. The

silicate crystallizes at the nucleation sites formed by the alkaline-earth metal or metal-oxide.

The following examples are presented to describe preferred embodiments and utilities of the present invention and ar® fiotinteamiresent invention unless
otherwise stated in the claims appended hereto.

EXAMPLE 1
Internally Treated 35.56 cm Diameter Crucibles with Chunk Polysilicon Charge

Surface-treated crucibles were prepared from commercially available vitreous quartz crucibles having a diameter of 35tehes) &bl a height of 30.48 cm (12
inches). Each crucible was prepared by dripping an aqueous barium hydroxide solution onto the inner surface (i.e., thetside@ortons) of the crucible as the
crucible was rotated. Barium carbonate formed, separated from the solution, and coated the inner surface of the crycéss.sbigtion was decanted off and the
crucible was dried, resulting in a coating of about 2 mM barium on the inner surface of the crucible.

The surface-treated crucibles and standard crucibles were each charged with about 36 kg chunk polysilicon and 1.4 gpzfri-&ffoy dnd were then placed in standard
crystal pullers available from the Hamco Division of Kayex Corporation. Each crucible was heated to about 1500.degréiee @olysilicon melted. A conventional
Czochralski crystal pulling process was then initiated. The crucible began to rotate and the seed crystal was dippeeltinis tifne mmolten silicon began to crystallize
onto the seed crystal, the seed was lifted at a rate sufficient to form a neck portion of the crystal. The pulling ratgraesahyg decreased until the ingot diameter was
about 152.4 mm (six inches). The pull rate was maintained until most of the silicon was consumed. Then, the pull rateanceterapeincreased to form the tail end of
the crystal ingot. The power supplied to the puller was then discontinued, the system was cooled, and the ingot was removed.

The crystals were analyzed to determine their zero dislocation length. The zero dislocation length is the number oimgibesysta ingot which are pulled without
dislocations in the crystal lattice. The zero dislocation yield is the zero dislocation length per kilograms of polysitiechtahiae crucible prior to melt down. Zero
dislocation throughput is defined as the zero dislocation length per hours required to complete the run (i.e., the tifrerasging of the system to obtaining a cooled
crystal ingot).

Table 1 indicates the average zero dislocation length obtained during 43 runs using surface-treated crucibles in acbdigapoeseitt invention, and 44 runs using
commercially available vitreous crucibles. One run using a surface-treated crucible and six runs using standard cratibtssaterad in Table 1 because of power
failure or unrelated process upsets. Additionally, two surface-treated crucible runs and one standard crucible run wedebeltairse a zero dislocation loss occurred



when a sbstantal met remaned in the cruable due to mebaricd prablems wth the puling apparatus. fie grown crystawas wthdrawnfrom the crystapuler ard
removed. A new seed was inserted into the melt and crystal growth was restarted.

TABLE 1

Crystals Grown In
Zero Dislocation Internally Coated Crystals Grown In
Length (in) Crucibles  Standard Crucibles

0 2 5
3.0-9.99 1 3
10.0-14.99 2 2
15.0-19.99 8 6
20.0-24.99 16 11
25.0-26.50 11 10

Table 2 compares the zero dislocation yield and throughput for surface-treated crucibles and standard crucibles. Y iedghputiilere improved by 17.5-24.6% and
15-21%, respectively, by internally treating the crucibles prior to use.

TABLE 2

Zero Dislocation
Zero Dislocation
Crucible Type Yield.sup.2 (in/kg) Throughput.sup.2 (in/hr)

Internally Treated
124.6% 121%

Standard 100% 100%
Internally Treated.sup.1 127.5% 124%
Standard.sup.1 110% 109%

.sup.1 Runs involving power failure or unrelated process upsets were
eliminated.
.sup.2 Relative to standard crucible not adjusted for process upsets.

EXAMPLE 2
Partially Internally Surface-treated 55.88 cm Inch Diameter Crucibles with Granular Polysilicon Charge

Six commercially available quartz crucibles of 55.88 cm (22 inch) diameter and 43.18 cm (17 inch) height were internadtyestiehas described in Example 1.
Additionally, six partially surface-treated 55.88 cm diameter crucibles were prepared by drip coating the interior sidaosalixsth the barium hydroxide solution; the
inner surface of the bottom wall remained uncoated. Each crucible was loaded with 100 kg of granular polysilicon. TwedtyS&$dm diameter quartz crucibles were
loaded with 100 kg of chunk polysilicon. The polysilicon within each crucible was melted, and silicon single crystal ieggtswyefrom the melt by a conventional
Czochralski process as previously described.

The ingots were analyzed under infrared light using a conventional infrared video camera scanner to detect large vbiesmygtahresulting from pockets of argon gas
trapped within the crystal during growth. The results of the infrared scanner testing are summarized in Table 3:

TABLE 3

Average No. of
Crucible Voids Per Range Per Ingots
Type Charge  Ingot Ingot Analyzed

Internally
Chunk 0 - 20

Treated Polysilicon

Internally Granular 9.5 0-22 6
Treated Polysilicon

Partially Granular 1.5 0-3 6
Internally Polysilicon

Treated

When the ingots were pulled from melts formed from granular polysilicon retained in internally surface-treated cruciblegjdargee detected within the ingots.
However, crystals grown from a crucible having coated inner side wall surfaces and an uncoated bottom wall surface kaidhalsdetsr voids than crystals grown
from internally surface-treated crucibles.

EXAMPLE 3

Internally Surface-treated 35.56 cm Diameter Crucibles with Granular Polysilicon Charge

Two hundred fifteen standard 35.56 cm (14 inch) diameter quartz crucibles were loaded with 26 kg of granular polysilitemadiBOsurface-treated 35.56 cm diameter
crucibles were prepared by drip coating the interior side wall surfaces and bottom wall surfaces with 21 ml of a 0.1 Mdraxig®a olution. Eighty-four of the
crucibles were each loaded with 21 kg of granular polysilicon and 5 kg of chunk polysilicon; the remaining 44 crucibles teadeebwith 26 kg of granular polysilicon.
After the polysilicon was melted, a single crystal ingot was pulled from the polysilicon melt within each crucible via alskzpcbcess.

The ingots were sliced and visually analyzed to determine whether voids were present on the surfaces of each slicegSlmes baviheir surfaces were rejected as
being commercially unacceptable. The zero dislocation yield, throughput and percentage of slices rejected are summéeided in Tab

TABLE 4

Zero  Zero
Dislocation Dislocation %
Yield.sup.1  Throughput.sup.1 Rejected
Crucible Charge (in/kg) (in/hr) Slices

Standard



Granular 100%  100% 0.19
Polysilicon
Internally 80% Granular/  102% 99% 1.55
Treated 20% Chunk
Polysilicon
Internally Granular 97% 88% 2.28
Treated Polysilicon

.sup.1 Relative to standard crucible, granular polysilicon.

When crystals are grown from granular polysilicon charge, the crystals grown in standard crucibles have voids at 0. 1alerg®wanysn internally-treated crucibles. No
statistically significant difference exists between the zero dislocation yield and throughput for the standard and netiethltyticibles.

EXAMPLE 4
Externally Surface-treated 35.56 cm Diameter Crucibles with Granular Polysilicon Charge

Five standard 35.56 cm (14 inch) diameter quartz crucibles were loaded with 34 kg of granular polysilicon. The polysifiettedvasd a Czochralski crystal pulling
operation as described in Example 1 was initiated. In three of the runs, crystal growth was terminated after the crowdll@défouckled during crystal growth.

Two hundred forty externally surface-treated 35.56 cm diameter crucibles were prepared by drip coating the exteriousfdeaesalf & standard crucible with 10.5 ml of
a 0.05 M barium hydroxide solution. Each crucible was loaded with 34 kg of granular polysilicon. One hundred twenty-mithe Sotéane-treated 35.56 cm diameter
crucibles were prepared by drip coating the interior side wall surfaces and bottom wall surfaces with 21 ml of a 0.1 Ydoaxide $olution. Each crucible was loaded
with 24 kg of granular polysilicon and 10 kg of chunk polysilicon. After the polysilicon was melted, a single crystal ingdtedssom the polysilicon melt within each
crucible. The total length of zero dislocation crystal, zero dislocation yield and throughput are summarized in Table 5:

TABLE 5

Zero Zero
Dislocation Dislocation
Yield.sup.2 ~ Throughput.sup.2
Crucible Charge (in/kg) (in/hr)

Standard Granular  Not Not

Polysilicon Analyzed.sup.1  Analyzed.sup.1
Externally Granular 100% 100%
Treated  Polysilicon

Internally 70% Granular/30% 103% 98%
Treated Chunk Polysilicon

.sup.1 Three of five crucibles buckled during crystal growth.
.sup.2 Relative to externally treated, granular polysilicon.

Standard crucibles generally buckled during CZ crystal growth when charged with granular polysilicon. Such buckling wasetidte the crucibles were externally
surface- treated. Crystals grown in the externally treated crucibles were also found to have significantly fewer voideealste@nystals grown in the internally treated
crucibles without a loss of zero dislocation yield or throughput in leaving the crucible interior untreated.

EXAMPLE 5

Internally and Externally Surface-Treated 55.88 cm Diameter Crucibles with Chunk Polysilicon Charge

Forty-eight standard 55.88 cm diameter crucibles were internally treated as described in Example 1. Sixteen of the ceumlittesxternally treated as described in
Example 2. Each of the crucibles was loaded with 100 kg of chunk polysilicon. Silicon single crystal 200 mm diameter engais/mera a conventional Czochralski
method as previously described.

The relative zero dislocation yields for the internally surface-treated crucibles and the internally and externally siethcedtibles were 100% and 110%, respectively.
The zero dislocation yield was improved by about 9.8% by externally coating a crucible in addition to internal surface treatmen

While the invention is susceptible to various modifications and alternative forms, specific embodiments thereof have bbgmslyairexample in the drawings and have
been described herein in detail. It should be understood, however, that it is not intended to limit the invention taldref@artidisclosed, but on the contrary, the intention
is to cover all modifications, equivalents and alternatives falling within the spirit and scope of the invention as défenagisnded claims.
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