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[0001] The benefit of U.S. Provisional application No.
60/937,129, filed on June 26, 2007, entitled Casting and
Directional Solidification of Photovoltaic Silicon Wafers in a
Capsule and Related Processes, is hereby claimed, and the
entire disclosure is hereby incorporated fully herein, by

reference.
INTRODUCTION

[0002] Crystalline silicon wafers (both single-crystal and
multi-crystalline) are the basic building block in the vast
majority of photovoltaic modules being manufactured today.
Except for the small market share held by ribbon silicon, all
these wafers are made by sawing up ingots. Sawing is itself
guite expensive and, in addition, wastes over half of the
expensive silicon raw material to sawn dust. The result is
that the cost of the wafer accounts for almost half the cost

of manufacturing a photovoltaic module.

[0003] Ribbon approaches, on the other hand, produce
material which is less flat and more highly defected than
ingot-sawn wafers. The high temperature gradients needed
during the solidification of the ribbon cause this. Thus,
while the ribbon technologies offer lower cost per unit area,
this benefit is offset by lower cell efficiencies.

[{0004] Thus, an objective of inventions disclosed herein is
to create a silicon wafer-making technology that will set a
new standard by combining high electronic guality and low
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BRIEF SUMMARY

[0007] A more complete summary appears below, immediately
preceding the claims. As shown schematically in flowchart form
in Fig. 1, in a first step toward the production of a
photovoltaic substrate, a preform wafer is created 408, which
has substantially the geometric form of the desired end,
recrystallized wafer. However, this original wafer is made
rapidly, for example, by a rapid solidification process 106.
This preform original wafer can, and typically would, consist
of very small grains, making it unsuitable for use as a
photovoltaic wafer. Silicon is a typically suitable material,
although the technique may be applied to other materials.

[0008]) The preform wafer is then encased 118 in a conformal
capsule composed of a clean thin film layer. This expendable,
high purity capsule will contain and protect the silicon
during the next step, where the encapsulated wafer is
recrystallized 122 to create a recrystallized grain structure
suitable for photovoltaic application. Such a thin film
capsule can be made, for example, by heating a silicon wafer
in the presence of steam, resulting in growth of silicon
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[0011] The several objects of inventions disclosed and
claimed herein will be more fully understood with reference to

the accompanying claims and figures, of which:
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FI GURES OF THE DRAW NG [0012]Fig. 1 is a schematic representation in
flowchart formof a process E¥GURES FemHEODRARENGf for forming a
silicon wafer with a grain structure suitable for photovoltaic use;
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[(0013] Fig. 2 is a schematic representation showing
formation of a thin film capsule all around an original wafer

preform;

[0014] Fig. 3 is a schematic representation of a preform

wafer surrounded by a capsule;

[0015] Fig. 4A shows, schematically, a wafer within a
furnace, that is entirely solid, oxriginal crystal form;

[0016] Fig. 4B, shows, schematically, the wafer of Fig. 4A,
further along within the furnace, with a trailing portion that
is still solid, original crystal form, and a leading section

that is liquid;

[0017] Fig. 4C, shows, schematically, the wafer of Fig.
4a, further along within the furnace, with a trailing portion
that is still solid, original crystal form, a middle section
that is liquid, and a leading section that is recrystallized
solid;

[0018] Fig. 4D shows, schematically, the wafer of Fig. 4A,
further along within the furnace, with a trailing portion that
is liquid, and a leading section that is recrystallized solid;

[0019] Fig. 4E shows, schematically, the wafer of Fig. 4A,
further along within the furnace, now entirely recrystallized
solid;

[0020] Fig. 5A shows, schematically, a wafer within a

furnace, that is entirely liquid, which has had its entire
volume brought to its melting point at substantially the same

time;



furnace, that is entirely solid, original crystal form [0016]Fig.
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[0023] Figs. 6B and 6C are digital images of a wafer
similar to that shown schematically in Fig. 6A after
recrystallization, and after etching to remove the capsule,
with Fig. 6B showing a top face and Fig. 6C showing a bottom
face;

[0024] Fig. 7 is a schematic representation in a three-
dimensional view, of a wafer, in which crystals are solidified
in the right hand side, and growing into the liguid on the
left hand side, as theé wafer is pulled toward the right in the
direction of arrow P, with a crystal growth freeze front F,
that is concave toward the liquid;

[0025] Fig. 7AI is a schematic representation in a cross-
sectional view, along line A-A, of Fig. 7, showing heat flow

patterns;

[0026] Fig. 7AII is a schematic representation showing the
crystal growth pattern associated with the freeze front F,

shown in Fig. 7AI;

[0027] Fig. 7BI is a schematic representation in a cross-
sectional view, showing a beneficially shaped freeze front Fg,

showing heat flow patterns;

[0028] Fig. 7BII is a schematic representation of the wafer
shown in Fig. 7BI, showing crystal growth pattern associated

with the freeze front F, shown in Fig. 7BI;

[0029] Fig. 7C is a schematic representation in a cross-
sectional view, showing a freeze front F. that is less
favorable than that shown in Fig. 7BI, yet still with some
utility;



[ 0020] Fi g. 5A shows, schematically, a wafer within a furnace, that is
entirely liquid, which has had its entire volune brought to its
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[0031] Fig. 8A shows, schematically, an apparatus for
fabricating an encapsulated wafer of an invention hereof, with
upper and lower heaters of different heat output, equally

spaced from a wafer being treated;

[0032] Fig. 8B shows, schematically, an apparatus for
fabricating an encapsulated wafer of an invention hereof, with
upper and lower heaters of equal heat output, unequally spaced

from a wafer being treated;

[0033] Fig. 8C shows, schematically, an apparatus for
fabricating an encapsulated wafer of an invention hereof, with
upper and lower heaters of equal heat output, with backing
plates of unequal thickness supporting a wafer being treated;

[0034] Fig. 8D shows, schematically, an apparatus for
fabricating an encapsulated wafer of an invention hereof, with
a heat shielding element interposed between the heaters and a

wafer being treated;

[0035] Fig. 9 is a schematic representation of a textured
preform, with grooves and ridges running across the wafer
surface;

[0036] Fig. 10 is a schematic representation showing a

wafer preform encapsulated in a multi-layer capsule;

[0037] Fig. 11 is a schematic representation showing an
embodiment of an invention hereof, using a solid lower backing

plate and an upper backing element that is powder;

[0038] Fig. 12 is a schematic representation showing a
stack of two wafers and three backing plates;



[0024]Fig. 7 is a schematic representation in a three- dinensional
view, of a wafer, in which crystals are solidified in the right hand

side, and @oeeong2ssat o the liquid on the left hand si deecmssztdsmosias er
is pulled toward the right in the direction of arrow P, with a
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wafer has slumped around the support rods; and

{0042) Fig. 15 shows, schematically a wafer within a
furnace, with a trailing portion that is still solid, original
crystal form, a middle section that is liquid, and a leading
section that is recrystallized solid, arranged to travel
vertically through a furnace, rather than horizontally, as

shown in Fig. 4C.
DETAILED DESCRIPTION

[0043] One approach disclosed herein, is to manufacture
silicon wafers with no sawing required, by first creating the
geometric form of the wafer and then, in a separate process,
creating the desired crystallographic structure. (The
sequence is the reverse of ingot methods where the
crystallographic structure is created and then, through

sawing, the geometric form is created).

[0044] An overview of a process is shown with reference to
Fig. 1 in flowchart form, and with reference to Figs. 2 and 3
at various stages of production. As shown in Fig. 1, the
geometric form of the wafer may be created in step 108. For
instance, rapid solidification techniques 106 can be used, as
discussed below. Alternatively, chemical vapor deposition
techniques 104 can be used. This results in an original wafer
having an average grain size of less than about ten mm?, and
typically, less that about one mm’.
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bei ng t rERERS ment or contro grain nucléation and geometry
control, and iii) as a chemical barrier to maintain purity of
the silicon. For example, the capsule 320 can be made by the
growth or deposition of silicon dioxide. Further, it can be
of multiple layers, thereby providing control over grain
nucleation through a specialized inner layer, and strength
through a specialized outer layer. The capsule can also be
formed in different ways. All of this is discussed below.

The wafer and capsule form an encapsulated wafer assembly 313.

[{0046] As shown schematically with reference to Figs. 4A-
4E, the desired crystal structure can be created by zone
recrystallization. According to one embodiment, the original
wafer 416 is sandwiched between an upper 424 and a lower 426
rigid backing plate (typically SiC). The plates constrain the
capsule 420 (and therefore the final wafer) to be flat and
also provide a path for heat removal other than the wafer
itself. A thin layer of powder 428 (typically silica powder)
promotes release of the capsule 420 from the backing plates
424, 426. The wafer and capsule and backing plates together
418 are sometimes referred to herein as a sandwich. Radiant
heaters 432, 434 create the molten liguid zone L. At least
one upper heater 432 is located a distance du away from the
sandwich midline, and at least one lower heater 434 is located
a distance d! away on the opposite side. (Additional heaters
and others not shown may be provided to tailor the cooling
profile). Spacers 410 may optionally be provided to maintain
the desired dimensions for the finished wafer, to resist the
effects of squeezing from forces applied by gravity upon the
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independently operable elements may be forced together, to

clamp the wafer therebetween.

[0047] The wafer being treated 416 moves from left to
right, as shown in Figs. 4A-4E, indicated by the arrow P. The
transport mechanism is shown schematically by a pair of
rollers 412. Any suitable transport mechanism is contemplated
to be a part of an invention herein including, but not limited
to a pusher furnace or a walking beam transport or a belt
transport, as known in the art. The transport may be
horizontal, as shown in Fig. 4A-4E or otherwise, as discussed
below.

[0048] As shown in Fig. 4A, initially, the original wafer
416 is entirely solid, with an undesirable crystal structure
predominated by small crystals. As the wafer 416 moves into
the furnace (as shown schematically in Fig. 4B), near to the
heating elements 432, 434, the leading edge of the wafer melts
while the trailing edge remains unmelted. A molten zone L
forms within the wafer. A melt interface M forms between the
downstream molten zone L and the upstream still solid zone S.
The melt interface M is shown in the figures with a specific
shape. However, the shape may differ under different
conditions of heat input, and is not significantly influential

upon any of the processes discussed herein.

[0049}] As the heated and then cooled wafer 416 moves
forward (to.the right) in the direction of the arrow P, as
shown schematically in Fig. 4C, it eventually moves far enough
away from the heat source 432, 434 that the previously molten
portion cools and solidifies with a new crystal structure.
Between the newly solidified portion C and the liquid portion
L, there is a freeze interface F, with liquid material being
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over Vi eweKkdnde P Heing Shdwiallyhseefar,eaaent o Flgquidj ntheowodiaa t
form and wth reference.to Figs 2 3 var ] g

pr oduct i%chl.l %%cﬂ?qiaﬁﬁﬁzge.dzf% %“Henggl’reit rﬁ%cwgéé%u%?ééﬁeggx%ﬁér may
be createtréuglstigpe IBRatAeons rist spece Whpra solpitencaenenlt EFRT (RS

106 can Pgesathr A% dHI1SGHSSedelsew1 1ARerBat hia! Yol chenisat i¥@pOikes
deposition techniques 104 can bé used. This results in an original

waf er ha®}3Rfan average grain size of less than about ten ne, and

typically, less that about one mMmm®.
[0051] As the wafer 416 continues to move forward to the

right, as shown schematically in Fig. 4D, all of the
remaining, original crystal structure portion becomes liquid,
so that there is no melt interface, only a freeze interface F.
Finally, the entire wafer passes through and beyond the freeze
interface, F as shown in Fig. 4E, and all is recrystallized
solid C with no interface of either melt or freeze.

[0052] Wafers (béth single crystal and multicrystalline)
have been oxidized and recrystallized. Fig. 6A shows,
schematically, a recrystalized wafer with the oxide capsule

intact.

[0053] The capsule has been made of dry oxide, wet oxide
and layered combinations of oxides.

[0054] Oxidized wafers have been recrystallized in air,
argon and argon/hydrogen forming gas. Successful results were
attained in all three cases. However, in recrystallizations
carried out under inert and reducing atmospheres, some cracks
in the capsule arose. These cracks allowed leakage of molten
silicon out of the capsule. Recrystallizing in air resulted
in no such defects. when fired in air, the capsule self-
healed by re-oxidation of exposed silicon. Thus, the furnace
for recrystallization may beneficially be operated entirely in
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WD 2009/ 002550PCT/ US2008/ 008030 [ 0045] As shown schematically in Figs.
2 and 3, in an inportant step, a super-clean, thin filmcapsule 320

i s creat edwbbgooaneisnd the original wafer 216. This can per/co/008h3@
furnace with an oxygen containi ng atnosphere. It is convenient to

support g h&ﬁw:faar aal—6 aw&nbbpa@eaor tteh@a@nmt(mtop:émwd tiratarblioelet
only a mni rrq}ﬁ{sur ace ar. eg fr contact with the oxygen

cont ai nity ‘%ﬁ é"dﬁgrg'pe?ﬁla 855‘8819 eﬁ‘io acts: i) toretain the
silicon and its shape during the subsequent recrystallization step
122; ii)[QGSFr ovi d&st 38 exdMPeAmekhef OFigonal owa%? r grad 3l e HGH

and geor%srtﬁ rﬁﬂpctlrc‘}lyst%'l(ilh'e' )sﬂiicénChefﬂhéadzaﬂ@i M dpldiday aﬂdl‘
purity o e silicon. Fqr exa t he Sél|e3OC yI
the grovit¥ey F&PdS PR 15 agidnEESHYEFﬁkiﬂg Fot thec T} {f?cﬁ’ee of P
mul ti pl &ém&lmcbls)am@ﬂ.ew dithg €onaloyraversredurriciiatd @B,

t hr ough eC|aaiff%¢_,% Ltm}? }zlgr Dggagngir g&hsﬁgwrpprgm}ﬁ&pem alized

outer la Srife caps e can a orrre In dlfferent ways. All of
this is dﬁm&d@@ieﬁel’c&ﬁt the Ratde aABSEARSHP ccARARt AP MDA at ed

waf er asgemlat ik tr{eﬂ%ﬁﬂeA@ratiﬁ%tﬁghegﬁise@dilynvutﬁeh aef eireic eyrtadin
ear i‘%ﬁ%ﬁr@eﬁ R AT R T e e T
recrys n inal ‘waf er
416 is &a&mpkﬁfdmm/v@@ntm urppeysﬂalllanddagr@!;\mSmwliﬁd backi ng
late (ty, Ehe S ule 420 (and
plate g % ttﬂ?é%r&’% %o@x@h‘iﬁtﬁ@ﬂ E—ééhﬁ.‘tiﬂ& EARS (

| at and a giow de a path_for
heat rerﬁﬁﬁbﬁYﬁﬁMlZﬁHﬁnt He kaverapleecfpr ﬁo? ‘F%%‘?mo‘f RS SE
(typi caldy 17 ldsaiqeemden)s ArsordkdblecEeasethé tbop amqbsbnd:‘etmorievmnof

the baclﬁﬁ%p'eﬁé %424 ”ia%%tlmﬁyé d%?%lﬁngtfa&s_fﬂ'gsaggebéﬁﬂf@rpfﬁ:;n?s

t oget he SOI’f‘EtI refer nas a sa ch di ant
heat er s &2, talhpthasnt e (Nedendlorednsitanrg £bRedraingwiehsin RREeipds

heater 432 d&d QoA & rligHsAR6RA @uogéagutteﬂhamﬁgsaﬂdw chhis dtdmeso:
and at | east one | ower, heater ,434 cated, a distance il _away on
%( 5#’3?15 it

the oppoRPtePm;fditlakddiv iTPdiL Sfe IZRATOPREPESHET SREWA- may be
provi dedpit Dnd Hpd dry t};me:pcemrdumgam abi itbe. pIpacerf #he wajebpt Fawkeyy

be provigded sﬁ9 x{?jﬁ’]&a' aﬁdb@'uﬁﬁﬁa?h.gﬁs 59511@@ f:bntﬁ@ Lane
wafer, tore e e fects of squeezin rom orce i/% 35,
fa

gravity eborhe H@f%mmﬂ‘i@@%ﬁ@ﬁ@@%euﬁ 883’6 KF
and any graimpiswhddties fﬂ’lﬁfﬁtﬁloaﬂlalsng‘eebmhiﬁn'asléﬂllceptevsdédrtmblle

mai ntai n_t he sandwich 418 t.a h r

T2, pare RIS ST 1 e et & s raB1elBobATETAN Ls REEAMEM

cl anpi ngiel mmpm$ ey beurmegr alfurdden ashs rraraggseaéhaﬁﬁe ¥RrERp. 1S

tOf ) E\r’]\/o é%“%t rQﬁ:ﬁeﬂgQ{E |15€aiach'_‘:z‘2ﬁfa§ﬂ![ye u@x'm@@i&%{)il;ﬁ@knbsst owteHin about
oget her o clanp the wafer er ehet wee i ng

roatod hab wecss (RISTT (OArgHe TREKeRdtn Dok teF g ERef At e

i ndi cat edtbxydam for ayadt e savan spysttabsc hahiishm ﬁseshéwheved to

schematigal Ly, Db 5&&%&% éﬁlfé##fgfsd%l%nL?nWLQHEBanguErQB%DorMethods

npla part

mechani smi s C0n e an i nventi Qon her ei.n
i ncl udi ngf BURiMEEiNG AR ANE FIRIThPOCINGRTALS 6F SaShaFRFRGIHREHTY -

transport or a belt transport, as known in the art. The transport may
be horizpobsk] as wibsws ithdt arelAetysyaldtizedihsse asldirgedssugrage

bel ow. [892'81]1'6‘&125@01\:/@&11 fd gthed'%réfgrtxﬂ Ydetrd Nece¥anal ,uefi8h. as
mentioned above, a preform would have an average grain size of
jess than about ten mm?, and typically less than about one mm’.
The recrystallized wafer has an average grain size of greater

than about one mm? and typically greater than about ten mm’ .
The absolute size will depend on the nature of the preform,
and the process. An important feature is that the second
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416 is entirely solid, with an undesirable crystal structure
predom nated by small crystals. As the wafer 416 noves into the

furnace (awoshowezsgsshematically in Fig. 48), near to thechesdsa@soso
el enents 432, 434, the | eading edge of the wafer nelts while the

trailingaessgd afmiiis sieldfedtheA rRhyeRaZdNged ‘f:@fgﬁ jl\i;th&flgé:hethan
waf er . interface Mfor msca et ween the do¥vn€ m, oD I{,len zone L

| 1.
and the rr(Lsat% I st S SEY75Re 8F%tReShEFt© c2 MT's shown in

the figures with a specific shape. However, the shape may differ
under di [9@FENt camdithesnasetledeatnpet isahbiat sthotdenghtyiefint | y

i nfluent j@kedpON ABh Qfs (1S 1RIRRASTES (ilssﬁbééﬁ?.ﬂl@@ﬁ@lﬁ ré@@é&]lAS me
heat ed and then cool ed waf er 416\,17%052% forward (to.the I’Ig

di recti ofPB? FHEURSENGES aEVETH ERat PcAP| YOPROEFREC L ?ram
event ual $jyzeapvas ingrcermeght dmdifslowatiienhdats sour te H@ﬂefnGﬂal hat
the previously nolten portion cools and solidifies wwth a new crystal

struct urﬁ %} weenyddig %\Ma&t $9e Q‘Jc'r?@tﬁ@iih@& &@H@u%hﬁn%ﬂﬂaé‘

portion ere is a eeze interfacé th terial

n
VO 2009/ RRSSHPER s 0 $R0EFCY oFth%ébtlFLéFVl Ha E’ﬂae%l EhEAPRELS 5{2
shown, apﬂews@fht d;mserbaahlm-tdpe dfeatiengigudd Cs (69H0vidgatepnl ,

the | ocat | ﬁ/? e O}‘Stﬁta e fgh%%e | ntgr Lach aggdséhesmel t

i nterface Z0N€e ef eBat ween® T engi
substanti al I% statl onary W th respect to the furnace el enents such as
the heat EP@59B2, Aiis ErocRsFecam@ls® WOFKnYLER| Bhifevebetffe A 150

stati onamycmcaéhm@ in ﬁnﬁﬁqswaﬁn]mﬂtam@nee [TbUSf ndhbéeyenalpane s

of the nov waf er 416 n from nto
l'i qui d, ‘f’?\t 6% Y Jt?ec{] é%)e/srte P ri?’o? t(?‘ﬁ gt?ﬁ%a\?va Bé{r:'lﬁrmves
al ong thsuughalt n@stddmmnsanmrsmqmereeta kbRtediseuesedf abageand

then whegg C&ﬂiﬁ%tfxﬁcﬁmsalalfezet 'nﬁ'la%n@nsQhedtﬁ?cahﬁoﬁhéaﬁéﬁt&ha@ﬁ
[0051]Ast|e"|e waf er 416 continues tq _nove e_right

or
Showrn SCHRAEFFERT| it Bt [ ERen BRUPARRSCSoPFEL RRE
crystal paratlel ecpariie avaffzac@msfddegui dInsgenkatly hthe pxonesaenay

i nterf E
passes (fEoigrd afit A S HEES or Belech abecoSh BRAENGT,
4E, and BiETORS rekSist AMGtAIAY Reteamn RPRYL APSr pREL2BPYE] t’-ﬁ@r

rrelt or hieedrs {wH2] Wafers (both single crystal and
multicrystalline) have been oxidized and recrystallized. Fig. 611/2.

shows. Sghgest | caldte fed iy Yfid b1 Bhatlehils! "BoRtdeie8pselest.
In the digital images shown in Figs. 6B and 6C, the first part
of the wafer to solidify is shown on the right, and the last
part to solidify is on the left. The volume expansion of
silicon upon freezing has led to the eruptions 644 of silicon.
The eruptions are excursions of the molten material through

the original oxide capsule.

[0061] An important aspect of the recrystallization process
is that when the solidification is directional, the
recrystallized wafer can have higher chemical purity (fewer
impurities) than the starting preform. This is because a zone
purification takes place as impurities are rejected at the
freeze interface and concentrated in the ligquid. This
impurity segregation is because the majority of impurities,
especially metallic impurities, are less soluble in the solid
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[ 0053] The capsul e has been made of dry oxide, wet oxide and | ayered
conbi nati ons of oxides. [0054] Oxi di zed wafers have been

recryst al | woegstopzsab r, argon and ar gon/ hydrogen for m Nngecgass2008/008030
Successful results were attained in all three cases. However, in
recryst alHarz aty Q;llh% qdgiiiad outnuaﬁes mﬂttmdlmﬁmmdm atimas mler es,
sone cracks i t sul S cracks e of

mol t en ST& %% egcg{dgu Iéd e(}%t’éef‘flf zs?tnagﬁlnzdeéil (r%’%lr%%%ul teé in
no such sitea‘ldctasxdmhé:nom tbe¢ endapf, theewabesutay Sed ftrimmede ¢ fify

re- oxi datQrRf r%mq%q ébhbsﬁeraifsaslmﬁbﬁéig@a&?dflcaravmg the more
recrystallization nmay beneficially be operated entiyel

W02009/ G5 APERAUEREEEF 008050 AL H PRFBPSS; b ™Y Beeed not
be operegtz&dmdédamwtmsbmer eatbar iesgetspecTied etumsirer eehdt0GEsWAS an

exanp! €.¢,104e 1l Ul s4Bheh 183, 380n L X0, c@@g K GEP LBl TS LRlnlalg

silicon. ewafer was ~oxi ours inair
recryst aﬁanyzéndgé@yd@9@9?9@@%96%@%&@@ yst@ iy offpgihes, the

final graiyptsionictubte( fhg rERovECEut 8ididdenfiied 1 0Mdd acionplish
(not shown which denonstrates that the oxide capsule is capable of

not re- é’é’ﬁlﬁdcﬁﬁé%arre grains that existed in the original grain
structure. In other words, the oxide capsule inposes no nenory
ef fect s [(W6&2Ale r edrigst. albhi, 7 68 grdi pCsdemitura waHigx HaratoMas grai n

ori ent atd,Q J-e3l HeRGebhOMLEECHYSkBhYI gﬁ&t@@ | sy oy atdud @nygood
el ectroni c performance of PV, devices is visible fromthe to%e%_d

bot t om \RAKL G PRAGES 6RN Qélg?egﬁgﬁ??‘%eﬂf?tab‘?%l TSRS B S5
sim | ar Hirgsn dp ta@dbammosho(vl\bhe top andtlamiceon heregpaatively amf an

asteri Sl(enlc p%%cigt%d w%,%e'r”? Hgttag§er§é'f$%ﬂfﬂed tlr) T@lﬁfr{a% to

bottom simlfarity rarn boundaries_ occur principally
per pendivduiller rte@ttlﬁle sulaﬁ@téw tla@nwafré?lrr%ﬂ@f % ‘iﬁaﬂraﬁql’-é:lortto rods

Grain bouwari ethep%&kalrelmtw thetﬁianeh@fc&gsu@wfmz@iegxrcadﬂump

el ectronic r man f r | s ai.n undari.e

as recorﬁfl%&ﬁ& cé’ﬁf% rgqfsg %35 F’% c%‘é?ﬁ% asrr%?lgg gr%gl %J;‘}{L‘%}aﬁ'}

undesi r gillanagondispiesriaildynes shonpred Bayadballed fugurass ) (Ml tthawn)

:Ee ’ ecrﬁ‘nséﬂ@lr![éﬁ%@%sv‘@ifl?'hoh? %ayYchbahiand itxsw&fef ﬁ@@@@&tﬁ@/ uni for{nt

i ckness, withi_n .abou o over i ent, which is, na etter

than t he&endaid if6a (‘f’gé'g aﬁBPE‘%ﬁeérggt%I Lowgh Racking 6@16&&}; g’

have a féiathhess uppieiqr mapyiaty batkingt hiatapois 2battdbttiods tWiose

m nim z rakn I S d; 4

[0056) vdgee el Vo o9 BRkL A8, BIECELPEMOTECLOR AN, 142 and
14B, but the top surface shows some curvature, partlcularly
around the periphery. (No image is shown of this type of

product.)

[0063] Support to keep the wafer flat may be provided by a
lower support element, such as a backing plate, and the
intrinsic strength of the capsule, either individually, or in
combination. For instance, with some relatively strong
capsules, it may be possible to dispense with backing plates,
and to support the encapsulated wafer on discrete elements,

such as rods, etc.

[0064] The grain boundary orientation and density can be
governed by controlling the heating and especially cooling
environment through which the wafer travels. The freeze

13



grain size than did the preformbefore recrystallization. As
menti oned above, a preformwould have an average grain size of |ess

t han aboutwtoemgmissoand typically | ess than about one np@rud2068/008030
recrystallized wafer has an average grain size of greater than about

onleI mJQ mgeztﬁaaecai betgeent ]?.htet h@mta]i?oﬂili@dﬂra Pand hgh@hssiid e si ze
Wi epend on ur.e .o re an [ OCESS

i mpor t ant€9e4t ]123%[ &?lf:ﬁ@ ec‘:g E%OW%%%%%%@%%O
aver age fyaw cagisddegiattioasr ewysﬂ:algtamdfﬂamamls | &geshavwran t he
first, Quara0s I\ ihfallngﬁ“}bgesﬁze'@& 593 PALE OT e [ LAl AN S face F

useful feature 1s t nsi'ty of def ects such as dlslocatlons
i s signi¥$ carfunfaceddte¥hich é‘éﬁﬁlél PALMEPRNk cETeR7RH 31d (BREWSGS no

| mprovengstid rre@:rrq»slta&umedaaluﬁﬁbﬁvemenrhe neit st@cettamt dehsidey i s

beneficial. [0Q5 rstht r I h 0 e
capsul e %’a‘?qé%d'%vere % gb%P xfﬁ'iﬁheﬂ)é%?%\é%%a%s& "a&f gﬂcgevent
gr oss ba&hengfam,oﬂ:mheniteqﬁladel g WSryneW@l’emrlby nbte nghapre 94 ghis

shape s %Hé}rﬁﬁs de®BrandefChyl 9959}1331; Si P’ PERSPed A Gth SEhW W do Mirid
thin wafers. A 150 m cron_thi ck, i nc

di aneter [100
nonocr ys‘t’%ﬁf‘?q el Snaf glr”wﬁa?‘@%’?d F-i‘e&uﬁﬁd F%E‘?‘EIE? BPY z%’aaj(’én% ‘]cﬂgcﬁ
W th si r@:i-cegrag*aafﬁﬁ timtion thearecslystallieihg pbaticn sCussedhabeier Tahe

sty | :
Gr ol SLHE LSRR ST Brah S 0Bo280ebie Dok LA oy L0
S“”acesp"m‘ﬁ’ef*e@@*d thRE $P0cesd Ay beatismabt b, BB \Na’f'lér%a‘tﬁr

bet ween @howo 3heamd OB et bENFukhbakofPselecah| ya bgiseendedbuss 100

and about 250 mcrons t hic 06 | eadi ng, edge I t,h
col i di f i RRAT IR B9 ﬁeweﬁ 500 Shin ExeERR M FRPReS OF, SendiDEy (OB
the firsdcqauplich tthe wefldditfdcsdhiodi by thesﬁ@hncm th‘§h¥$ gheat amdst

the | astfmfé Bé) C%Q'Jdu@'tfe)ﬁ Lt%r%ghh%hbe%ha’hsly%wec eéﬂ@”@hé’rb&fklng
silicon u ree2|n% led to_the eru of icon. The

er upt i on%f ates ehddur | n§‘n61f thee dosten© P@r ?’éY”EWP‘B%@F tl:FltéeOI‘l gi nal

oxi de cafpbtdction of heat flow is perpendicular to isotherms,
including the isotherm that is the growth interface. (This is
because the isotherm is at a uniform temperature, and heat
cannot flow along it.) At first, a symmetric heat flow
pattern will be discussed, followed by a discussion of several
heat flow patterns, which are more preferred. The symmetric
case is also useful, in some circumstances. For instance, if
there is very little, or no nucleation of crystal growth at
the intersection of the capsule and the freeze interface F,
then problems of crystal growth orientation, discussed below,
otherwise associated with the symmetric freeze interface, do

not arise.

[0065] Fig. 7 schematically illustrates a three dimensional
view of the freeze interface F between liquid portion L and
solid portion C, during re-crystallization. The interface has
compound curvature. Note that the curvature F, within the
plane W of the wafer is exaggerated in this figure for
explanatory purposes. The primary curvature of the interface F,
is that which is visible in cross section shown in Fig. 7AI.
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[ 0061] An i nportant aspect of the recrystallization process is that
when the solidification is directional, the recrystallized wafer can

have hi ghew()qh@ymgg& purity (fewer irrpuri ties) than theid@abishosoeso
preform This is because a zone purification takes place as

It hrrpulrl tlﬁﬁ@%ﬁ;ﬂv@te%ed:ﬁau bbetﬁéeeasgé@t géf @ﬁ@fgist lCd?ﬂQﬁl'fdt%.ﬂt ESan
e liquid is inmpurity r i ecause ority

i npuriti éﬁ‘&@&fg‘pféley tggf)fg’f’ f’rrﬁl‘??‘?l BLgurgs, | psr T i % t he
solid %@ﬁﬂ%&@%&@é@b@ﬁ%ﬁﬁt@ﬂ@@%ﬂt\m portimng ishowh |im tthies

way, ;[IH.LH es wll be concentrated toward the end of the
recrystgﬁjl zedg \k/afer A smal | amount of the end of the wafer may be

trimred of f, therehy rem)wg% concentrated inpurities nd | eavi,ng t he
more purlPGG&dal wirgr. TBdr SPRWS BEFPOR STRHE T A “ﬁw ded
W th sormgexts aaalc&ligttghplﬁlteseﬂaptl ()4 iﬂﬂ@twaﬂaultlé re)maﬁseﬂe»tmlnm on

f I d t d
rmpur | VB RS RE PR0" o ast T Bnee s Bre ey PPnvE ool Fadnn

mat eri allass m%lflwﬁltlﬁe f5QRi the avPBAT ?%@W@sfac@ﬁ B thyed veEex

depi ct & MAfHl What Was cPhaaessgdiRebUERNLhd akaRcKi 1 Fﬂﬁi—QﬂanléV@m
wi t hout any backlﬁg_plate an oxi ge ca suIer tains tss ape quite
p 1o

vel | . Fi%fs thesNaded 1882 RIGPENE 25 tq Y ctﬁ ePY of an
encapsulkai‘@daemftﬁare peidatrlyat fhas, reonyedigdel swethdes aaif mhmo@fanhl | &t

resting gkl ROl ARBkuok Yl hIGKLER! 1T UBROTLegRls A2 nthe

waf er in the Capsule 14 around t he rods 1452,
but the ‘ftﬁfé?’hllts ﬂﬁi’&éfénﬁenafrﬁ§ GBREFERFG B4 é‘n‘ér thes SYBMER)Ca8hape

conpalrectsttcsa«ra bﬁ:'rlo@@h tttpsmsﬁtﬁeotolehmvmiré@momesﬂlmsawﬁzgmt lamue
capsul e er that wa S e por e

backi ng rbﬁfaat\tmgfflQB’L‘T’t BT o uppers:gcléiﬁ%l %ﬁg\% Ly CQU;P ltt ,qs glgf)atg%gé
t han t hodetprawdssedend mwprgmgbaekpﬁgpen@t@slemtm tfhe Finer fpeg

and 14B,p but ot hextop SHOWSs SR 1GY 1\@»&& &s B3 huetkakthyn at
around the peri pher

e is_sho roduct .
[ 0063] sdﬁp%rktow‘élaﬂf ei?et(ttfé F‘— FREET Gb%n{i) Jb}i}? d‘g’gl yglaP o?ﬁé’rsu
support et poinmtls d47a badki7agl plsitamn dmd Rilgs i78II.nSreissr 4Bt h

of the capsy ;%a%eae'altth%rh nq.'n\ﬁ'eqlfQEEVWLQE. ’c@n&ofr@'ﬁ%b :%até:Q{an]:% ance,

with sone relative trong capsules, It ossible to dlspense

with bacﬂﬁw%l%@ld@%@%@uﬁﬁ&t’aﬁﬁé en%épg{ﬁ" RBIHNEIRE on
di scr et epd iR ing iﬂﬂdih avthodhe epper[ 0084] Thé yowen bblhdenypdaries

o T AR IR o e R ERARE Dk P Ll B4 et

The freexellide, such as at 721, resulting in grains that are
relatively small and do not span the full thickness of the
wafer 716. Further, grain boundaries resulting from collisions
of two or more growing crystals tend to have significant
components that are parallel to the wafer midplane. This
degrades electrical properties, because it prevents crystals
involved from spanning the entire thickness of the wafer.

[00671] It can be seen that if the incidence of grain
nucleation is very low, then the probability that two grains
will begin to grow in a manner that they will collide and form
an undesirable grain boundary, such as at 721, are relatively
low. Thus, if a capsule is used that has very low, or no
propensity to nucleate grains, then the symmetric freeze
interface F, shown in Fig. 7AI may provide acceptable results.



WO 2009/ 002550PCT/ US2008/ 008030 i nterface F between the nolten
silicon L and the solid recrystallized silicon Cis a key to

under st andwwomggeat fl ow consi derations inpact grai npdpusmbis@gosoAS
shown schematically in Figs. 7, 7Al and 7All, the freeze interface F

is a SUV( At Wucﬁ&éx}éﬂu'c{&ﬂwg eeelttn%r sﬁaeﬁreegllbecqsr@& sPldwling
recrystallized silicon C.The entire _ex

ﬁg% éhe freerzf?i terface F
is at theteaf ithe FRGRY SR Ldilziegn vahg Tt ef”ér CRRePT iRt} fely

an isot hﬁd@edThﬁ:wd}ﬁDQm:fheIrhlt&el gsophernbbstdet ef nthedvégehpwdenteaditss
renoved from t he .cool fer i act.s

grain st?’hcatgtwlg“epd':rrolﬁafa es |gmpc]):°tjfﬁe'er gé? g?%???z?#g{@mé@ (éts F,BBWn
waf er asin Heigol 48 f i @Htiisorinc dwrinn Gas. rfFéu?-?eeEeat'l hemm*feq% g¥airon

portion 4,71 dhen 40 &ﬁr&lar‘éd tf&e%haeuahlbﬁ r:egeyes £+6mf aCtymhber i®

t he hi gh, heat of fusion of .silicon reat_deal he acser{rESt LE‘

renoved FRERREARS freez ENEN{BPRGECE, 2 3?’%‘? X&Ihctg'tﬁﬂ can

sol i di flb‘@ét @e ainddiestidd ex;nco’ﬁlmslehreag bhet ifeatizéd cascushedn in

through the spli dyelld s GARd Ahe backing Bhabee124urded. anthdhien
rection o e

lost to envi ronrrent oW is endi cuI ar

to isot h@rW # rrdeudihfy at"f?elelssé’tfhé'Pﬁl tlﬂ’éf*rFEICFh‘élgPoﬁfﬁg??\ b9 aiche
(Thi's i sphgsause ddp éc&.%d@rdﬁxlfsac@ts @fuIﬁhéo&aptsenraemaayﬁeedamsmat

cannot f]ow lon it At first i a t nwill
be di scutRed: \/@%Fsr?y aé’%esgcﬁé"? %mgg eévgrgaf' % ¥V g% I:l%atter ns,
whi ch arenmeaq:ﬂ efrykesth.  The FgmdBdi c iosserseapnglashiis , less s
Ci I CUNTS gf) &f:?qré:é?é Aﬂlftaafnﬂee d fid MR tle eBEY bt Blagreeé noIn

nucl eati on crystal growh at the intersection o caps nd
The Trecomatraghs R tHAforE i AL RO IGFBOYULaR SPORERAGE BRFLES ofr
di scussedipel Tam Didesorts eymasee ahed #0t Hdeglteesymehei fréeeeze

terf d 0
![Ergé Sfﬁ%ih Pfgt% # Lﬁ?l Lg Qﬂ,@aa sd SELEBhd C@% & didp f@é@e;r Hheat

sSiona e€eze interface et ween
porti on tlmd(ishﬁlkpvfﬁfr tﬁﬁtﬂ?rCanLﬁl'iQ"r'@ A8 Eigst apFl)zHﬂ-FénsoﬂélfY
interface; has coamound BuFrainngstielam,t kat thee leftyansr ehbynwihhFig.
the plane_Wof the vafer is exaggerated in this figure for
expl anat 2)3?9) purposes. The primary curvature of the interface FAis
that which is visible in cross section shown in Fig. 7Al.
W02009/ 002869PCT/ VR0 8410 0508%- fRiflss angleatigr grfpteThENfRe IQuHPEEEEST

di scussi gpy bl o s (Ne-T@dded m@rér%?%dr&e%@@mm@ Ehe&ewﬁ.&gun:eﬁd £b
present, ¥ woul d pe on the | ef OUtSI of the E‘ortl Qn igo 5
F sandwi ch

the fi guPE%l’?gT%GJG‘]"f—? he o eEr’o?? &t on
718 of backéwngr plahes a71243,nt7éaﬁfeacrﬁj ama‘ler izl d esisc &ponl &0edegireRFn any
capsul € {204, JUplOtedfsd yE Al | A bor e Facks wi0dl ravamebr geahl y

fromthe®uppér and Tower faces of the wafer 716 and nust gcon Flt ed
t hrough eht aRdcFheXREoRe OO HFCIFIAE i nder FTOVADH ¥R ®Ehat
par al | el rEguantehal f bavayhHet viee ngtdin mﬂﬁmfty:,ref liat deternmédgd soliabys

of the wafer ere the ig al regi on
t hat thepi'f\ﬁ?%?af'éo%o TP AT hfegcl'enterpfstace 121? *}%21 sy%ﬁ%?‘rélec shape.

shown. AinbesfatehBw tseh Gcalshewnedni Badef 7TREat thesd, vinki | Renkay, if
flows peﬁﬂgnd%f&'iﬁ’-rbé@n&gﬁléﬁtﬁﬁlﬁﬁ? s weife!xs Wish e stbat agtdiandy

tend to pagat e per pendj ar t i.nterface EA.__A | of or
grai ns tBaE'F?- ?%a?‘g ?Ie%tl\?%r?hétt}{%é"’ (ﬂed'-rfdarhuSbé:“t‘)vc\)i/éLglr%)ﬁth\@{1
waf er 71@edsdetbeus himpdct nofapseih ey aungEimites 717u and 7171,
shown in Fig. 7All. Gains 715 nucleated at this interface wl| t end

to propa nwar oVg d B SRbANe Rrdih W ein  Avagisailatedny
be propaga??n froﬁ% %’)t\kllvﬂ(!tshaelt‘%e7 Ché u a;%fr Ilovver 717n bo lﬁ{arl
t

[
si nul t an®afisry71PhBikhin 3 ‘é% asg‘f“g‘i‘%rb’rﬁjrfdbtrelr SR AeES |de
such as ahd721, wiesdH ting iresgrlai risn gratinasernekarevehpesiak| tanghad

not span the, Elmlg Ehigknessnflethe YRR 1 JHEIAEMm MIA! TAT. The

asymmetry in these shapes is caused by asymmetry in the
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WO 2009/ 002550PCT/ US2008/ 008030 [ 0068] However, during cooling and
freezing, heat flow ng out of the recrystallizing wafer 716 at C can
be del i berwpeby/dotased toward either the top or bottommedrdreoswasoss
to create an asymmetric cooling profile and freeze interface FA as
shown i reddlging/ Birofilies iamdt tthe daberfscé tshapes FopFevarke @lewn in
structur i [ SUbLBi & SYABI &, to F,.
interfaccgj'.c_al'—eéA{.S %emﬁl%rrrr%%cs%'?’g# Q%%}%??yiﬁn%%%ﬁi%%%face FA can Cbegt be
under st J8ui ke hedis iladerigcenanpdesl Lt eBigast oSy thAm Sther e
the int efdqpeed,s dnlsy sslgndiftikynearvedrgénotiesn atiaadophear £ f.he 2angl es
of the interface wth._r.es he_pl ane of r ' f-ages of
the capsti®ifead ee(?riar%gll %ggﬁlﬁégféqﬁfg?agf%%gtég aﬁ%ﬁ?%ﬁl?% eﬁ?lé‘d_to
herei n asldre tihet drifngc &c awighes . the Fitpr f2gE analer tacdSangrgeri pall
ess ! Nan A JRANP SR AURALES Lhe! grgiﬁagefué@@fve% £6ng |from

n t Na

contrast’, 21 t the_two cqQrresponding I nterface angles i.n Fig.
7Al ar e Bt widiesat@cernds lso a&@&ﬁeéé‘? thiefPeezd T A% ac‘f’é’rlg,ﬁ’thﬂfa be
sl oped séryidwail tdid dimee inigt fromedbee NBA). WilX ékhendofertiiexpass
shown i r]thFl

1., LBL) W LI sqhidify. .fi : : rg Hpstrean to
the left: "% ls‘???vi%‘% v |ng.(&h'7gl #lFBbgéfwgﬁf%ﬁ(n ?%‘?er%e afgle 1
great er pemB0 dddr éde, wany thrabab hbel eafen teickresvr r SR AANY T
‘;:?‘CG \;VIBH.S tﬁ@&% t&e%aﬁﬁﬂqt ®el @Ee%e]g:h@ra%l lﬂbﬁﬁaﬂlﬂié\@fﬁnnﬁg% sgovvn in
ig. . wever., en i,nterface angle_is S an eqr ees,
any grai PSRRIy &2 e&o?‘f’e§§8nﬁ?£g"" f 5ee® \Aﬁﬁ?ntjélﬁdtl%% SQ‘FI%“V(\?%&U ©
and t hereigy esHwin droFagat §AINt.o the growi ng wafer. The result w |
be that the grain structure is determ ned only by propagation from

one face gdisy @ resuld, 7Pndwlsl @8€CchBECLh8EE EneSUEhcRS SO EddL
Fig. 7Bl, there will” be few, i n_ boundaries_wt hin

f any, grai he

waf er wRH e e Ludst Wmaﬁaiéﬂ PAIABFERRR" mi APY FE* PP orfuc%]heeated
waf er, tdmistiey aiakmegpdmeliog deer ods thapaspsolesiithy,gral hl bpreRRgd s,
[0070] Figs.. 7 7 a i.aN Lof Gapsul I 9

W t hin v%?n(%%q%algg)%hn%\eﬁfr iscg&irftr?fgr F&’ceaals rg%es Fc,@&acﬁeg a‘é@f \%/r?in%%'vw |1
resul t iwikk alof aanaradate duter itde #W8ffKat resulting froma symretric
profile as shown in Fig. 7Al. The asymmetry in these shapes is caused
by asympdey2) n t heif AdReR0 PGP/ Us26808606B080omobemper prwie | es

and the Interface shapes Fc. _F : ' r of LEDgL €25, NGE th
asymet r?lr?ﬁl]ceooqqmgj?grcoafpﬁ%ereﬁ (])Cﬁ I?—),l%?gwa, %‘Qﬁxﬁi ?gggbt H’siﬂnﬁer f%ce ©
angl es imetheds tesgwipdediediow-han 90 degrees, a is significantly

| arger than the other, p. As a result, the grain structure

propagat j #@73 ] om thee fraas it plalteig sibaikicenttywhelp tberédueeface

angle a, js larger, wll _freqguyentl. C e aj ure
pr opagat ¥ ‘T?‘?)%] ‘{“Hélrfﬂ Het™ % .cgﬁ%f%gtgpo%ge t ‘ﬁgeltclg%ggé. {:? n§%{1ﬁ§%
wor ds, t hernatyiemlobrdis Ivmta tigprfsr emdf tdersdefgrts shpbnatrafeher

past thecgfﬁi,.ffi&' angs thap ghaled iG BithngibsoMhheahaces?;lbhevesat
per haps, a '

, & “the way through the wafer thicgkness. The result . s Q o

there wi (ENGECHERE LY H TR0 HddMads Hsuﬁﬁf’ﬁ&cgﬁéstagﬁy i &FPY %Ié(raaﬂt: e‘?é

to the wahesrf&ee BhHap,i latdel syt itowvease thieowacking glatas| 724,
726, and perpendicular to the mid-plane of the wafer 716.
Importantly, only a small portion of this heat is conducted
parallel to the mid-plane of the wafer. The result is that
the temperature gradients and curvatures along the
recrystallized wafer can be small, resulting in low stresses
during processing and therefore, low dislocation densities and
thus, high electronic quality. This is in contrast to the
situation in vertical ribbon growth techniques, such as EFG
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[0071] Fig. 7D shows the case where one of the interface angles, p, is
approximately 90 degrees. Any grains nucleated at the corresponding
face of theocapswtso 751N, wi I | propagat e perpendi cul ar R@r/Useeossosdsace
FD, along this face and hence, will not propagate into the wafer.

[ 0072] Di dridersantigpmiibiios ,ofvhelries thepvbet t najoehperaef urke praxt lmstabe

be capt @%& asi %@t o@¥ng u,%a?soany @ﬁ% Jli‘fff@}é}@é fesqyd hey

bel ow. e backi'ng tes S|g i cant | to reduce stresses
during r@lﬁr ym%qﬂ%tqfoﬁh@ndhﬁﬁ@ﬁé Br EOPGUFEW%ebQ%'FHiﬁlRﬁ‘?FﬁS 724,
di sl ocatjpns afbd Qﬁ:re deiecheakhahestiaessesngasgt dsn CEILWELS agreri,n

both Figs. 7Al and. 7 t he heat dicated b [0

oonduct Pty P AkTe A SonarERrab i Bhversibhr ientbegt g Snin
t he backiagempl @t ems7 A4 ypizallandiper peadievtl betveen hbhﬁ&n‘ﬂaﬁﬂlan'élﬁ)fand
the wafer, 716, % AN G t%@l ﬁa@kiggl lQQEE' 984 ?_f'?ié“ S 'ﬂ@taiﬁ is

conducted par to the he wafer. The result .is that
t he tenperedente "girtdﬂﬂbﬁth@ é’ﬁ’&%ﬁﬂ?&?ﬁr BEtUPBR PRREITLRT y5R aFHF zed
waf er Caﬁbﬂﬁ:§ dwddxe&léltda%@ layeew Ju8esees Hfirhogrelesesslaygeants

t herefore af.i on densi.t.i t g I
quality. tl‘?ﬁ V%'s TH 5 lpastaltrolt h§§ fgggt Pgﬁw?%hvglr]%@ { ij on tiat,
growt h” tiechmajueisiealich fd@tElS@rfmegoggl bbesbarcinuRbase oma@g*eh%nd

S][ ri ngt h RE PR phiere. L%ev%%tat”@l%w b?ér@fanﬁh@u'ﬂ&ﬁt t8Ushe b@l&i@éldcblf:t‘elﬁb
al ong e grow ng ri bbon f erenc Sen

the t her¥@af®y FhRFUSRE l?a‘(cl&hﬁgpﬁlogfaég ’?fﬁlg?%' erhgg%’? e v%‘gl;l/&r’\ear
t he waf eétﬁé’@isé’@a‘:tt csarg:fdmrtamrwhs&mllbgahlby ratdeat pontanincrease
conduct i gg%]\_gl;ag c}rprr%q%h atth% tg‘l'v%g' g¥§gsgf lg@élgtagl gal |y a| r)

pr esent and Its sule 720 and the }5
pl at es 7<2<21mb1712@t1q1'hé>fa|1'-70ﬁ1§- pr é[‘§’@ntef\ﬁief3i’"n ﬁst Héeﬁﬁﬁﬁ éBaE‘éE bE Yeen
particl egyhmet PEcPOILHES, ad@,@fwmflrcﬁlle&aeeksayehwmﬁin Figsif7a0 arlease

| ayer is_present, suffi.cient_air b en_t n
flat, bu?gﬁotr‘?%%‘?fr’yveﬂ Yo St A& ces s@@%ﬁ%&gagéﬂﬁ QtI gtg g%]dﬁtgjﬂéy?l?m
capsul e. tdhtuheler féxapgsargtenditeulefifecs Pﬁelﬂpaﬁénﬁf hept §AP¥r can be

used by HB?@ @f&é’%ﬁ&?%mateelﬁﬂéereﬂt@nrtedalfcehat Ee&8esngt iAtgkTase
recrysta zation rate, or to I ncrease recr ||Zat|0
ﬁ LIPS,

gi ven st Fess Theydoweg, SETe§aEEnRE FBR"bf ABHHHRT S efTEA T pr eagéen in
both t hewsyInelsé cadswind iasylovedr isslidvadestrekens in Fhgsfimal and
78I, res‘gg%}__vely In the asymmetric case it may be possible to

furt her exaggerate the effect by inposing heat flow patterns which

el ongate the extent of he freezing interface,FB. The, | tresses
present HOPTAY t heThRctimRLASY i“aalrl'%'rf T 12PRYG e SOPT boﬁ%o Blag 6%
resi dual retreseerlinindavdiemlcamfiler achieved by operating the.upper

and lower heater elements in the recrystallization furnace to
produce different heat flows Q,, Q, with Q, > Q,. This can be
done most simply by operating them at different temperatures.
In this manner, as shown in Fig. 8A, a hotter upper heater
element 832a gives rise to a relatively larger heat from Q, and
thus a locally wider molten zone L on the top face of the
wafer 816. When coupled with the relatively smaller heat flow
Q, and the narrower molten zone on the cooler bottom face of
the wafer, the net result of this bias is an angled freeze

front F.

[0075] A related means of imposing bias on heat flows out
of the recrystallizing wafer involves placing heater elements
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[ 0074] The sinpl est manner of applying top-bottombias to a
recrystallizing wafer can be achieved by operating the upper and

| ower heatwp gdopdBR8S I N the recrystallization furnace g/ Ha816830
different heat flows QL, Q2 with Q> . This can be done nobst sinply

by oper g4 f@&etaf%% %hrttlat:teea@ah bﬁnﬁﬁﬁﬁéﬂr@&e ﬂcrp tdu aodwua:ersm@ cEhown
in Fig. 8A hotter pper heater el ement es rise tq 111

rel ati veif ISEAGEr &F‘ Brém-61 ShE ?ﬁ%saﬁe?bcaalk%iaw]ﬁe% er‘r‘bqlt zo0ne L
on the tmﬁa&@emfret heawaes Bd6héNVarkimgplpddte thanhe swRatrgeey
smal | er Dedlef Q@R 284 the B3REOMEHpEPLLSR: ZONR AN 44 A0 &f

bott om face of the net res hisbias is an angl ed

freeze flamserr aﬂ[O@@‘FSPﬁ\ hepsy e@: medifs t¥LS W5dsi gebsa@eoReRéEedf | ows

ggg 9% Ot2 OPCT;%E%ISg}f%bg% wahebei A¥RL ¥esd pdmacimgsrtmat ein atigrer@ps WO
reate e t.her

top or Boftddrdivde TOF S «?agfaggﬁ’egm‘f?ﬁ g%%ﬁ P er q\‘%%‘élog?a };tb ltearaét%gr

el ement omi ldithadi &he tope olfelbbtEdm 6Ddeh@fb’al@«|?r‘igﬁ<{%ate than a
smal | -area heater elenent at the sanme tenperature, which radiates a

| esser angyy) of ReabrtRer! RetBk&dWA¥ans hetf Safifosisg Nethangl athd teaze
front can be "achieved. as is sh

heat er / ferouHiUY &fgthof omay éfg'mﬂlzbﬂgg\"%g%ﬂ Jorhv%jr‘f%%rsit’%c“t%ﬁi e
bot t om sdlknenft ot hragt datom tO@76kAckudtiferert by eoh meadstey dntosi ng

bi as on %ohc heat Efz_ﬁe""%AO‘étho;ﬁ/rf (8 ﬁméggwsi@t&%@%f\a{@étéfgﬂﬁm

spaci ng QB el éments away fr

ferentl \g/n gthetop
and bot tHiha FispaceA Spaws Savaet ALELRBESS| dh A ¥falferD §88,¥28%4,,
spaced apaf{ip 1%ﬁtéalmpdl @ttsa@%@:&ndlinaﬂdgd/ gbr ot he pedetbhe dewl sprrdVRhe

As shown in F| pos I S p r 832b at
a di ffer‘&ﬁerdl 83:? ll%fgrégltegggg?ﬁgg (':M) ﬁt%lgle%&\/\ir heat er
834b, vwwmp:secaoao:émam tdtlel aoyer bagt-anc%mm |whigh ai g SRRRARY FWRY

(al t hough gty e?.h(a@tatn%eordlv' dezt Wos PRI ﬁsﬁaﬂteer(%ltqmgm&tomeam
and one down- st ream Simlarl }émlt%%st re tregm eat er's,

coul d beSRYBY d&Y BRSS9 eRE EEF%EF% ‘\é\tge drRZEESEY WHovE'T or
a | one hegterstmyamat sdinfiflerdyt, dipstaremsahdodevhesa¢an. h¢gogyg Aould

differeniy rE?JU%&éH WiTROH M AR EOREERMALBELEN as discussed above

for a lone heater, or at different distances from the wafer.

[0077] A different method of imposing top-bottom bias on
the heat flows out of the recrystallizing wafer invelves using
backing plates of different thermal properties, as determined
by thickness, thermal diffusivity, emissivity, or any
combination thereof. For instance, as shown in Fig. 8C,the
lower backing plate 826, is significantly thicker than the
upper backing plate 824.. The heaters may be located equal
distances zu=z! from the nearest surface of the respective
backing plate 824c and 826c¢. Depending on the thermal
properties of the backing plates used (i.e., whether in-plane
conductive heat transfer or out-of-plane radiative heat
transfer dominates), more heat will be extracted from either
the top or bottom surface of the wafer, imposing thermal
asymmetry. The solidification interface F will be inclined
with respect to the wafer with interface angles o and B, as
discussed above, which is the desired effect. The interface F
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the heat flows out of the recrystallizing wafer involves using
backing plates of different thermal properties, as determ ned by

t hi ckness, wiohabdmbsseli ffusivity, em ssivity, or any conbpd@iig068/008030
t hereof. For instance, as shown in Fig. 8C the | ower backing plate

826C i s sd WNditaidMined eh tahqnet Begb@@%rb@mr@@@t@ 8 2svevEiIs,
heaters pay be%/ cated .e tanc s u zl fromt Jearest surface
of the rEspctt 1&3‘ %1 5’%& 894cr a pen "ngon t he
t her mal ﬁﬁmﬁﬁrﬂmloftltehmaba@kbpgrphaseafﬁeeﬂ feae. flewet her in-pl ane
conductive heat transfer or out-of-plane radiative heat transfer

doni nat e[s)q} tsHid WRenexbEachadef eer@@gt h@ﬂi ta@oﬁm Po ol

surface er, 1 nposing thermal asyme so] i d|]I| cation

interf acféeﬁ“%i |3s B’é’ MREY G TiRdh SPé@E:QéPgt 649hes‘6\%1F e‘?s WHERHFREER St
angl es ag@hsl ¢xhars siirSilldﬁfSQme&bﬁ\leelwhlaﬁb i sutheaslese¢saedspféating ke

i nt erface]a%Ja%\eq} 200 0%2?{\%3?@/ Eg%g g Qgéoégte@%ﬁh&w 6:?01{1'1@‘391:13{\# hoe

angl e fi® nan WeV rt—co i ned
a>fl, deﬂmdle@ters Hag &, h§3ésiy|m§t theaWatRer Baf , piBpRP t RTERS FRES

heat fl oys, é%ﬁgﬂﬁ¥5?HH”@Eﬂ@ﬂdlnﬁe%QbeEﬁﬁ %Qrg'ﬂn 88 2neth&Eing or
possi bl e rret Is,to vary ther shi e[I g such_as I%fs)m tion

or sone Pe¥ersrERad lcﬂ‘g't REheE] ffais ﬁg‘lﬁ%h 1 SpPRAGT
shi el di ngne Whedt ity Hue am:tt&re;rosaﬂthbe‘b\ﬁ@entone bothhthet heatefsi he

heat er s $%§éi %ﬁgﬂ A e Jaf8r 8%, Fh?tﬂ@ras)fﬂggéﬁiélélﬁ&”@fé‘&ﬁé‘ﬁts

The shie can vary 1n_1ts insul atlng at_ spreadin or
ot her th@@mrabetm%ﬂ%rﬁ%éqebﬁ‘%&&cwtlﬁlh FeERES etPoE]é?llé‘ﬁ 6T andt h

Wi t hhr es@&‘ﬁért ﬁo@%&l’{ h%ld'iQﬂia&;' &he&3§\6,ve834dn§ndlthetmf rov8i6. wafer
Further, the shie el e can, be 0 i respect
to the hR%PErSOBY { r%‘renboterifur§o ?’ ha%1 ﬁ%ﬂrrgv 83 ogr'lgnvwE

t he novi ngveedgainwertls@mne umtg:@,arran@ftepren return to an initial
position to nove again with an upstreamwafer. [0079] Another way to
eEt abl i Sgo%w?‘pol i Hryglcpér]géﬂ hayDitas dsS:fallﬂ.l‘éWﬁ bbelhﬁgapr?alm? heasﬁts
above an eowtewaer Qr, a, unit e
are nor etPeRRThgtRE e]rfecfﬁtsl%(ﬁég'e&%rssufapgg apﬁa ?Rg 5 e‘r%gﬁlr:f a%g
[ 0080] Thehéor £goi angamdits clessjtdn dfasvaa?@sunﬁ@emﬁaﬁrﬁheoh@ab@ﬁ!-‘;lag e

ol atively gl ags o £ SO Sy aknAdenandent:rr gdesdada, 834a. A

distribu eat source may al so be used for one or both surfaces of

the wafer, and the dis |but|on heat. out put _can_b ic wth
respect 1808RE uppERe schlﬁcélc?ea'g'on[ %’Oﬂﬁlﬁﬁﬁumeﬁ %ﬁég@%

t echni qursatans berels:eenaedmtely atigsomsste eliemends, aslhcbf ashépdepgngens
used in ?85% Q%éonsﬂet(h aﬂ"ydﬂ{%ﬂfu@d fatt ReuetBemay Emébh§é1 used

simlar ni ques not menti oned but |ater devel opeg1 c% % @ Q £
used, anfiorlgpe @F threkh Awifacast af Hi wadiesirnafrofhe distridution o

heat output can be asymmetric with respect to the upper and

rom

lower surfaces.

[o081] Any of these techniques can be used alone, and most,
if not all of them could be used in combination with any one
or all of the others. Further, similar techniques not
mentioned but later developed can also be used, and also,

either alone, or in any combination.

[0082] There are various arrangements by which the wafer
can be melted and then solidified to recrystallize, with
respect to whether the wafer or the heaters move. In most
situations, the physics/mechanics and thermo-dynamics are
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[0082] There are various arrangenents by which the wafer can be nelted
and then solidified to recrystallize, with respect to whether the

waf er or twe6@Absse nove. In nost situations, the physic@asddImRases
and therno-dynam cs are WD 2009/ 002550PCT/ US2008/ 008030 equi val ent

whet her dhe waleh WREeDeelkabi ¥grbp &aﬁe@e@élmeceao @hd heedteat
source noves relative to a stationary wafer. , of course, botyh can

move, witMEE et ithe Perse PPrERerebet vﬁé@elrﬁt’r‘FF 4 & G40
di scussiwitert.o osi,Mpifi byurse,i boahsgarduodha) wikch heatelstuirvee vesocity

stationgny and Qv%%nmfIgnggv%gg_%gH%% jﬁgcf,lpgggo 0t11339s1trJ}EL e.i¢l tigl S

the rel atife VAT Sty ween t'erest.
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becones fer mater etalned wthin its
capsul e I@Hecbu@mda§ solserdEoneah BRERCHTHBNER EIRYWAEYn t he heat
source 532, 534, gradually, generally in the sane manner, as shown in

Fig. 58, 0':03“4] t hatrra dein@utiad ,t @heoladetseear batlpefwoen thiaftm.and
[ 0086] O]ﬁupe S%'ul%'dereadd"a”tl%%% tQ1508 RALCH: ABLEOG: SOP ML {bon. of this,

at any one time, 0.5 ¢m to five cm might be molten, with

portions upstream being original solid, and poxtions
downstream being re-crystallized solid.

[0085] As shown schematically in Figs. 5A and 5B, it is
also possible to provide a solid wafer, and then to provide
generally uniform heating, so that the entire wafer becomes
liquid. This liquid wafer material 516, retained within its
capsule 520, such as of oxide, can then be moved away from the
heat source 532, 534, gradually, generally in the same manner,
as shown in Fig. 5B, such that a liquid to solid freeze

interface F arises.

[0086] One possible advantage to the batch method shown in
Figs. 5A and 5B is that it may permit faster production of
wafers than a moving melt zone method, as shown in Figs. 4A-
4E. A possible disadvantage of a batch method is that the
capsule 520 contacts the molten material of the wafer 516,
which molten material is somewhat reactive, for a relatively

longer period of time.

[0087] It is also possible to cool the fully heated wafer
preform all at once, rather than by zone cooling, relatively
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nucl eation o rains ring recr ystglljl I zat*l Lica heal s ub g
hi gh t enpBdatalee Frsdudduss i Ftail® dGevhot ﬁtsﬁ?ﬁ doWAHGT P o2 Bt n‘ga €
exposed SibmCHILiddn SviseiH Hmlhﬂe@ dentensactbusthesilicat he phecess.

The ab"'t%?% faqccessﬁlof} Adls Al i@1%9Wace§hc9598335£59us§ﬁliﬁacfan

be dope ng a £0 cont e viscosity and possib
tendencyGfQWthhe Filip t1($ mré&xoeSgrlal ﬁ§raﬁauaﬁsanﬂoheflﬁe can be

pOSS'b'|é&ﬂeé@edrké“ﬂihﬁ%ﬂyéﬂhudﬂéﬁﬂﬂdﬁ,o$|brﬁanssdﬁehﬁglvely easy to

remove fromthe fer ctiv chi T ri ous
growt h ahBCEED R c}/ébh‘rglaﬁgf ?‘&atlgl F.“gé“[ﬂpos? F,S{ﬂg gu}'l%es
i ncl ude grycessiey gm)vatltr (dmlmllniqalrwappﬂdﬁteswgeﬁ anvi ?69%?@5)

wet oxidg; gEouA N (3G Uding Hehia iy @¥NRRY keBIBRhEsSSEONLRE ﬂk@ééss
physi cal ~vapor . deposition techni ques, gch as utte

deposi t i Eheoi‘bbld%lié ’{%ét??qﬁﬁ:ﬁ)ﬁéﬂ CERS or’rnd&fi@dfos[: gef?ﬁﬁlg% de
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enter'ngahgtgbégg%fgiégﬁdency for the films to nucleate grains and
also for the possibility of in-situ doping. Finally, silica is
relatively easy to remove from the wafer by selective etching.

[0089] There are various growth and deposition techniques
for silica. Possible techniques include dry oxide growth
(including in air or oxygen environments), wet oxide growth
(including in a steam environment), spin-on glass, physical
vapor deposition techniques, such as sputtering, and CVD
deposition of oxide (both undoped and boron doped}).

[0090] The oxide coatings can also act as diffusion
barriers against impurities entering into the wafer.

{0091] A doped oxide film (which is softer at the
recrystallization temperature) might nucleate fewer grains
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one maj(g ri:}brf ace of a wafer alone, or one mpjor surface and its four
edges, nstance if a filmis deposited on a wafer

[0093] Not all capsule layers 1020a, 1020b, etc, must fully
encapsulate the wafer, or that which is inside the capsule
layer in question. The wafer 1016 must be fully encapsulated,
but it need not be entirely encapsulated by any one layer.

For instance, the outer layer 1020c might be present only on
one or both of the top and bottom surface 1020C,, 1020C,, and
act as a release from the backing plates, but need not then be
present on the edges 1020C,. Different methods to apply such
incomplete capsule layers are thus viable. A multiple layer
capsule may provide enough strength to eliminate the need to

use one or both backing plates.

[0094] It is possible, in some circumstances to provide a
film covering around only a portion of the preform wafer,
rather than all of it. For instance, if a film covers one
major surface of a wafer alone, or one major surface and its
four edges, for instance if a film is deposited on a wafer
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WO 2009/ 002550PCT/ US2008/ 008030 that is laying flat upon a support
surface, so that one of its major surfaces is not exposed. Such a
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lost. Th%ﬁustexﬁéﬁ‘%ﬁénganQQn%Qp%&99%%5QE§IEU§299§é98§9390 ball up,
the film does not stretch and bulge out, but rather, it
remains generally planar, albeit with bends and ripples, as
shown in Figs. 14A and 14B, discussed above.

[0096] Further, the film capsule is so thin that it is
completely conformal to the surface shape of the wafer.
Textured preforms may also be treated accoxding to methods of
inventions hereof, to form a recrystallized wafer that retains

the surface texture.

[0097] As shown with reference to Fig. 9, a wafer 916 with
a twenty micron pitch linear texture with grooves 917
approximately twenty microns deep was oxidized to receive a
film of approximately one micron thick, which conforms
entirely to all surfaces, without distorting the overall shape
at all. It was then recrystallized. The capsule was strong
enough to retain the vast majority of this fine scale
structure although some fidelity was lost. Thus, textures may

24



be provided for any purposes needed. For instance, for
anti-reflection and contact groove formation, as discussed and
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[C059] These alternate materials must provide suitable

physical integrity and minimal grain nucleation. These films
must also be relatively easy to remove from the wafer 216
after recrystallization 122.

[00100] The encapsulating layer, for instance oxide, as
discussed, may be applied at one of several different times in
the process. It may be applied relatively long in advance, for
instance hours or days, in a location and with equipment
specifically designed only for the encapsulating step.
Alternatively, the encapsulating step can take place
immediately before the recrystallization step, and can be
conducted in the same furnace and the same simple air
environment. An integrated approach may lend itself to higher
throughput, less material handling, storage, preparations,
etc. However, care should be taken to avoid balling up of the

silicon.



recrystallization 122. The upper backing plate 424 is sonetines
referred to herein as a capping plate. A preferred situation is a
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The backing plates preferably are suitable for firing in air.

[00103] Work described above has been performed with

backing plates fashioned of pressureless sintered alpha
silicon carbide, sold under the tradename “Hexoloy SE” from
Saint Gobain, of Niagra Falls, NY. This material has many
advantages. It is readily available in thin sheets and
reasonably priced. It has a low CTE (4 x 10-6 1/K), high
thermal conductivity (>50 W/mK), and high strength (380 MPa).
It is known to tolerate extended service at temperatures up to
1650°C — i.e. 200°C higher than the present application
demands. 1Its chemical purity is acceptable: total metallics
of <200 ppm by weight, the majority of which is aluminum (iron
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[ 00106] I n sone cases, porous backing plates nay help to prevent
thermal shock and out of plane deformation due to the ability of the
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I n easy rel ease. Creatl ng surface texture on the backing plate, such
as desi gheQLOHughrfdsisiany rditd iide ;| S8ALizengnE hal Wpber t 8RR t31$9r

i nt er actd gy Refveendacld pd dtledt@terdanal er. Alumina is readily

available and low in cost. However, the out-diffusion must be

acceptable.

[00108] Graphite is also possible as a backing plate, for
instance, SiC coated graphites — of the type used for CVD
platens in microelectronic fabrication. If the SiC layer
seals against oxidation, this'may be an attractive material
because the lower modulus of graphite means that lower in-
plane stresses will develop when subjected to thermal

gradients.

{00109] An important requirement is that the encapsulated,
recrystallized wafer release cleanly from the backing plates.
It is most advantageous if this can be achieved without a
specialized mold release layer. This will be addressed by a
combination of choice of backing plate material, backing plate
surface texture, and wafer capsule material. At the
temperatures in gquestion (1420°C), most materials react with
one another, to at least a small degree. For example, silicon
carbide oxidizes to form an outer layer of silica, which is
then available for reaction with the capsule material of the
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[ 00110] However, in many, if not nost circunstances, it is likely that
a nold rel ease | ayer 428, as shown in Fig. 4A is required. One route,

is to applwoaotdnossshbayer (ideally single particle thickpcwiszbasnesoso
powder, for exanple, silica powder. Application may be by
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[00111] Other potential release layers can be made of
silicon nitride, silicon carbide, alumina, or even graphite or
carbon black powders. In the case of carbon-based powders,
the mold release layer can be designed to burn up to release
the wafer — although this may restrict the recrystallization

to non-oxidizing atmospheres.

[00112] The release layer might also be liquid (such as
molten tin). It is important that the film capsule act as a
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solid backing plates are useful for particul ate packing el enents,
including silica, silicon carbide, silicon nitride. A nold rel ease

llayer 1128ypm¥ooms8p be beneficial. [00115] Anot her possigytdaidabosiofsoso
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backi ng pt aie 25 poBuihle o imesaat af powsetednbatkbhng ebhemenkfer housy
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fromeach wafer, that will result in the desired orientation.o n
boundari E@0114) Generally, the same mater?ais gha are SUl{%b eggég

solid backing plates are useful for particulate packing
elements, including silica, silicon carbide, silicon nitride.
A mold release layer 1128 may also be beneficial.

[00115] Another possibility to reduce the tendency of
backing plates to warp, is to increase their strength by
adding ribs to the face of the backing plate that faces away
from the wafer. The ribs could be aligned along the direction
that the wafer moves, or perpendicular thereto, or both (such
as in a rectilinear grid) or in any other orientation.

[00116] It is also possible, as shown in Fig. 12, to stack
wafers 1216u, 1216f{, and their backing plates 1224, 1225, 1226,
on top of one another for one or more stages of heating. In
this manner, fewer than two backing plates for each wafer may
be used. For instance if two wafers are stacked upon each
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[00119] It has been nmentioned that there are sone circunstances where
wafers with a surface texture are desired. The surface texture may be

for |ight <yio20¢/daskse OF Processi ng purpose, or other purResSesoosicdsSsee
cases, the texture may be inparted to the resulting wafer by
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the desired shape away from each wafer, that will result in

the desired orientation of grain boundaries.

[00119] I+ has been mentioned that there are some
circumstances where wafers with a surface texture are desired.
The surface texture may be for light trapping, or processing
purpose, or other purposes. In some cases, the texture may be
imparted to the resulting wafer by providing backing plates
with a suitably textured surface. In such a case, the backing
plate acts as a mold or form and the texture arises during the

re-crystallization heating steps.
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[00123] To i nprove the insulating properties of the SiC insulation, a
| ow density structure is beneficial. A fugitive powder can be added

to the uncwobedoxsso Whi ch can burn out upon firi ng and daaays2008/008030
structure with higher porosity. G aphite powder is a reasonable
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si ze, wf|mmmpam:nmamwﬂ@ta@§m@a§ﬁeoé Rﬁreaﬂﬂro‘i‘% silicon

particulg&rbi§§§ thiah lYtcak i¥ne method for the insulation developed
by the present inventors uses a pre-ceramic polysilazane
liquid polymer mixed with ultra pure silicon carbide powder.
The powder is supplied by Saint Gobain and is used in their
line of Crystar™ products. Insulating furnace components are
molded under light isostatic pressure into simple molds and
then fired. The ceramic bodies are formed by pyrolysis of the
pre-ceramic polymer that becomes distributed between grains of
powder by capillary attraction. The product is a porous
silicon carbide body of exceptionally high purity and very

good insulating guality.
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[00127] Rapid solidification methods can be used to create the
starting original preformwafers 216 by nelting silicon and then
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as the coated wafer, which is about two hundred times as thick

as the oxide layer on one face.

[00125] An important factor for temperature control lies in
good temperature measurement — of the heater rods themselves,
the furnace ambient, and the wafer/backing plate. The
temperature of the heater rods can be inferred from the
resistance of the rods — measured in-situ. Radiometric
temperature measurements will be used for the furnace ambient
and for the wafer/backing plate assembly.
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[00131] AIl or part of a capsule may be deposited on the original
perform wafer by chem cal vapor deposition by changing the gas from

just a silyweagokeasé Ng gas, to a gas or gases that depagmiusisidesoso
SiN, SiC, or any other suitable capsule material, as discussed.

[00132] Wafers of a variety ofréymesiod semagductor (not just Si)
can be made without the expense of sawi ng and of renoval by etching

O e SRGRT9° hRIb20g0Ra1 e RS SHELAL %1 ahdZ A0y ' o

S |npr eans re reauce I NSt ance
t echni qmafarprl@e:e&g@a wanfl bhatrasenerorRRIbkaes W%Wlanéhbm fadm

limted 41 g%raeaa%u?kaaqceahsy shfn@@wébﬁ@rmamr&uctw&,ar@nd
conpoun senlcond such

% | ium arseni de._ The |13:la%gﬁ| ty of
the fil MEHIORNEE REER R8I pePreRaMhE S Ve t HPWG6eH St
conpounctadhirdnhds, conyempliibhtad waf ke swdhin hgre rnat‘antalcsu,s dweclosed

20091002550RC11 USR00R' 005030 haskudlap RLAY Savshraramcs, sauhdbe

produce he thl n m capsul'e 420 retains the
nat er i ala%@hmﬁélovapﬁé %P@ﬁlﬁigndurfl-‘?@)‘-‘?@@rbyrst%ﬂq?‘l FRAoRave 43 so

provi desya i fsfivel @athakr kARl agalashge NPrdin | SizentfRyd nglgﬂaadaaf @ess

f16 B G S R A e L

al so prolvmuté pat hs for heat renoval fromthe cooling wafer. These
heat renoval paths reduce the anount of heat that nust be renoved by

conduct i qjpai2¥ jt he g ‘él?fmﬁr sbﬁ.iéhf‘fléagléﬂefﬁ@ﬁ}%&s E&ElrQVbef Qi’sdo‘id:ldﬁ@i:eate
stresses dur| n GOoo duce ect er mat |

t
(especi dthe Shadtdog: PE?@?‘na%“SBr%FB%QY{i ‘ﬁr%fﬁtﬁj F AR S e (l Sher
t han condricudiss: shmispay al:smoabbowsdcﬂenly owees et read s ajmm'lg

cool i ng,, HEGALRE C%gylﬁweuahiaﬁl PUSLa1LPYe Sl [ Y pnditdanal i ons,

have princi pal st'resses al ong cular, to the growth
di r ect | drechuHiquesdikaewst dnwg 8r§rEaﬁf hé@%l%t%l%]t#’é‘sas“é’crhta&e melt
[ 00135] TheiriHidig) Sin@e sphdystiepebiteonl the melerspimning, a stream of

molten material is jetted against the periphery of a cooled,
rotating wheel in the shape of a disk. Due to the impingement
of the jet, the liquid thins out when it hits the rotating
disk. The thin liquid film cools rapidly by heat conduction
in the disk, thereby causing solidification to take place
rapidly (typically in under one millisecond). The rapidity of
solidification prevents the liquid from bonding or adhering to
the disk.

[00128] In spray deposition, small droplets of molten
material (from a plasma spray gun, for example) are directed
toward a cool substrate with rapid solidification resulting.
These methods and suitable modifications of them can be used
to melt and rapidly solidify silicon into thin sheets. A jet
of molten silicon can be made, for example by melting silicon
in a container and then applying gas pressure to the top of
the ligquid so as to force a jet out a hole in the bottom of
the container. The spinning disk may be replaced by a belt or
a closely spaced series of planar substrates which move under

the jet.
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controlled by a conmbination of: choice of material for the thin film
capsul e 420; and the thermal conditions in the furnace. A capsule

material Ry a@ebsegen which, due to its structure, tengsyi9bos0s030
nucl eate grains. Silica, an am)rphous material, is an exanple.

Al ternat|g@lzg Caﬁ%“b%n@%hﬁr'aEﬁeﬂaYoﬁﬁsQ@PSEHgfd)éﬁﬂid&ﬂiﬁaﬂnbn have
nucl eat e gralns shoul d_such be desire T.

nviro

be made RRAN B5E& ML PdithEe FOREIBHRE hESE ?%’eess ehsee virer r%m%_q: ﬁ'hat
grains wd Ipﬁoembet @ hpr egpgabé pnbkfofnomadee fcacemﬁ wieh waf\@fn,tzml@s
ensur i ngdth t fr%rl?l no (or, few) grain boundaries in the

t hi ckness o [00136]The conbi nati on of reduced stresses

and di sl ocat i ons together with control over grain_siz cenment
al | ows fHOXIY pr s SiteE tdnIv eEFIRNER BEAFPYT) %ﬁ%?élélfpadﬁral mEt

conbi nathLie Oy GHeeiilcal142Q &ddbpakwgopl ates) 42dom 42 6s ern nﬂarlng
2009/ 002550P é#S(Z}%gS/SO%{BQ%Om%Q rEQE”aX‘@ éf]r‘? f(?g IR od NESSPY

r educi ng u I on an nprovi n ce I Clency.
[00137] Tm:elaga)rcm rqudéﬂmbﬁllén@f f‘-gr@éﬁaﬁ? the Rabsei biedn Feedsiodhe

recrystalliaption Hin trr@itt‘érderWﬁ:BRéSz.n@Btf:h b@@it@xﬂ@md@pbstm aythy

from previous steps. This .can. aid, n.c eatln

trappi ngsHeRat écslll“hcj rs 1Y CRHLYs O BEESQ?Tﬂnﬂ%%‘?%a‘& %B%St Fuct S|g'J:oHn to
itself Ilﬁa}é‘e rmdgen dualiavgeijdconbéagase for caembpendueton deviggs in
envi r onng Qv Atd NG e N8 uts(er:':?r | nggf@é NZESLQ YA S§il:@c'5% G idig

t her eof . urnace c¢an be bui ation bric

air- corrpfaan B?Ge nesie &1y QY& onBst ROPNEhLAEPBNS ARt RS R SP‘&%&P%%CI R4
silicon cardle, £dan tQ?éaferﬁ‘-s1[1&@3;39]siﬁhetﬁetéochﬁnebampl:al esli Lipcdm

producti on rst, the sinmplicit h e, - :
furnacesc?:%rp%éfe&ﬂﬁsltqﬁ?ztog% 35E8R gl@ g%g?&?m gfr?érr%ggawa ot ¢an
be processad ami a:hg:'m daglriags, t@enénéﬁﬁyempﬁhlba‘ékﬁﬁ’@abl @pRpEraction

bet ween them; Jwg, §tta+‘é<%(illl%oﬁ pabhi EHéaéthﬁdaﬁét ag@@tuser,
situati on because t etwo can be syhject to |g (l)ggla;'hg

envi ronnépike silicon epitaxy on si 1con must
temperatures to propagate single crystal growth, the free
standing sheet can be deposited at low temperatures, because

very small grain size is acceptable.

[00131] All or part of a capsule may be deposited on the
original perform wafer by chemical vapor deposition by
changing the gas from just a silicon bearing gas, to a gas oOr
gases that deposit Si0?, SiNi, SiC, or any other suitable
capsule material, as discussed.

[00132] Wwafers of a variety of types of semiconductor (not
just S8i) can be made without the expense of sawing and of
removal by etching of the saw-damage region on the wafer
surface. Utilization of silicon is improved and waste streams
are reduced. For instance, these techniques can be used with
other semiconductors, including but not limited to germanium
and other elemental semi-conductors, and compound
semiconductors, such as gallium arsenide. The integrity of
the film capsule will help to maintain the stochiometry of the
compound. Further, crystalline wafers of other materials,
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[ 00140] The process may be practiced where a nolten zone L (Fig. 4C
is noved through the wafer 416 (typically as the wafer noves through

a | ocationgpno@Rpass i N which that portion of the wafer dcfyishésiososo
| ocation is nolten. As shown in Figs. 5A and 5B, it is also possible

to nelt ihe &nlid sawafier aaldcbbanissl bdhia sk rpeddueal g Hiiss net hod
can facilitate furnace constructions where there are many wafers

i n-1ine ®E°%r e pei ng processed sinultaneously. [00141] The present

i nventions can be practiced with original wafer preforns 216 that are
a w de reoaisdf siThes thnd $hapesapPuisehi yretaiiadis matsirdiedardd
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pr ef or ngy4mad NGt daeiagupkecedbeygcan be in the WO
2009/ 002550PCT/ US2008/ 008030 form of a strip, for exanple. The strip

can be r nEery 2l liged %@Qrt H?@t aF Bgegﬁgpoﬂ’éd'dﬁ ol iMiAed b

waf ers. antage 0 recré izin strip, _Is that fewer _piéces
are hanchaéduw wlekevardge 4P 8 tHB%Chn%WWIF"e%e vinidesse Rdpislong

by the rgndvidies Paitthisl ifoat heataremagql egﬁ@@dtmefo@ﬂr@gafdxengmmeaed
the effect of the unH_‘catlan thgfleresu t

.
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phase. T, ‘-"h; %gerra fl L exl le f.\¥'1¥¥'g FB%%@%V fgécégg@rﬁ p(gwer

def ect 1'es urlng coo Heating an ecrystaII|Z|ng a
squar e grugtectahgymmetwaf epnga eﬁééhoﬂésc?’@‘ﬁ%cp’g’é?%l%ﬂ V2

assuni ngs 14y aﬁucﬁtpre@p%aledgarl %optﬂ@egfeﬁtfﬁldﬁedﬁdmﬁ wiedteer . When
ssible to introduce a

processi square prefo a S0, po

cor ner f‘?’r%‘ir"? a&l‘?é'shgélfle av§n8 PRF S ﬁg S0P Hdvant ages. Wien a
straight edge is presented first, each |location along the entire

| engt h of0Q¥a5 Jedgdhies gaajot shzrapndi sbragturevehtider mafeation of a
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i s sometFihes ﬁfgl'r"b 51 gﬁét’ émgl %EFegi}?V&?g cﬁ) I TWHE a
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met hods
material, is an example. Alternatively, capsule materials may

be chosen to deliberately nucleate grains, should such be
desired. The thermal environment can be made deliberately
different on the two sides of the wafer, so that grains will
tend to propagate only from one face of the wafer, thus
ensuring that there are no (or, few) grain boundaries in the

thickness of the wafer.

[00136] The combination of reduced stresses and dislocations
together with control over grain size and placement allows for
the production of very high quality wafers. Support by the
combination of capsule 420 and backing plates 424, 426 means



that generally orient the wafer preform 416 with its capsule 420
horizontally. In other words, the thin (thickness) dinension of the

wafer is aodg@moyeitically, with the two | arger di mensp@Engs2004088030
and |l ength) establishing a horizontal plane. The preformthen noves

al ong a generaldy WiHdzoal QaFnQdEhr eﬂabeweréahs@ﬁ?@,sm&{ her
stages. However, it is also pgssi own in Fig. 15, to orient

t he pref%ﬁ?ﬁ?ﬂ?ﬁ§QMtQquﬁ?ﬂﬂﬂ ﬁnalﬁﬁﬁglﬁﬁfh$+ﬁﬁ%3 horizontally, and a
|l ong, typically the | ongest dinension, arranged vertically, and to
WD 2009/ Wdlwwmﬁeﬁmétibnveffén@écﬂ yby hrlogigtaps fle nace,

ei ther Wk Ofo,d QUNGLL. g\é‘cfa'ilﬁg‘é‘é%hcék'ﬂe%ﬁfé‘é%?@ﬁ@r inion the

backi ng e enents 1524, 152 e arranged ErOV|de the necessary
support kfax e defidind topeera@hys Aot BECVAPES THARS ol TRLS AR aid)

recryst atdi Z8famie ! Nal drkatengapsyhat edappisg fedehnssiis ey ed
shape, with fl at surfaces [00144]1t is also typically helpful to
prOV|de‘% %msport mechani sm which may include clanp el enents 1511,
1512, that secure and nove the wafer along, and also spacers, which
prevent HEL3#F er Theorfissiass squashuatingeitsalf ubnceimple heln|lanaRy

forces. dﬂ ARy &l @&ﬂb@emeb@nl ahegi Al enSUESnASNE, |@5\Qf‘at1ng
c-shaped cl a

nor e |nde ently operabl eIe nt
e or ot JHt OT (2 Gl ARE S EBE oL nEP Bl ePRELRS EndtETEN Sl
[ 00145] Stwidard yGan dichdniltawfhénsgletient bdiskbandneint¢gmpatibie
hori 2ontald §e.0r RIL | G irlslie HAER! afiBnBRLPEECEEN Abe AW silicon

;
orientation 1n between vertical an%ﬁhorlzontafk as It passes through
t he stagearidey s LLMIEc| osed herein. [00146] The net hods

di scl osed herein may al so be used to inprove the crystal structure of
convent i prai39) wamukﬁamaﬁham uzint bec sgatl alll ipeinapeoducthey. canibzt,

used ' naﬁglpeeoa%hng&%f &}r N& YHIIAG a%f ﬁgaﬂgeﬁﬂw ﬁ&ﬁhﬁéréé@&é@ bdn B

2, and such t err ucture is
i mpr ovedCQfé)SW%HFé:QCb-I atSG\F-‘éfirVirl é’?rt@&ksa?@r fye EFy%‘f"a"? WRpLRrS TRtk e

di scusseghdessidi RARTIAlvePNMMMRYE cE0044REAapLef @1t Rdbaabbay nEhdted an
Inventlog rﬁgéﬁﬁtﬂéhzi Two wafers stacked is a particularly
advantageous situation because the two can be subject to

identical thermal environments.

[00140] The process may be practiced where a molten zone L
(Fig. 4C) is moved through the wafer 416 (typically as the
wafer moves through a location in space in which that portion
of the wafer in the location is molten. As shown in Figs. 5A
and 5B, it is also possible to melt the entire wafer and then
solidify directionally. This method can facilitate furnace
constructions where there are many wafers in-line that are
being processed simultaneously.

[00141] The present inventions can be practiced with
original wafer preforms 216 that are a wide range of sizes and
shapes. Presently, an industry standard cell size is 136 X
156 mm. The preforms can be this size. They can be slightly
larger, so that they can be trimmed after recrystallization to
the exact size needed, for example, by laser cutting.

However, the preforms need not be square. They can be in the
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nmet hod for neking a seniconductor wafer, conprising the steps of:
provi ding an original sem conductor wafer having a first grain

structure,wfayiogasdp f i rst average grain size; providin ' |
W 9/t92 p
capsul e over su@staant ially the entire surface of the V\/g}cg(ﬁgtﬂ%@?ggroﬁnan

encapsul g dﬁrﬁ oy ersrt:r.aLBd kg2l LREmBIE, COPAé NG 4§18 @dl@%&lﬁe@x%%t\éaﬁ%ed

under conditions such that the original wafer beco rmlten and .t hen
recryst @19 #enwi i a%@eém%hmgeﬁw\(ﬂ@@f P ZGY3BEROR
si ze, V\/fBﬁlh:e!cEi:ys\A@H(iQQhQOHSEGPﬁF/ UBR 06184 0 0834 | airegmrs tdmm l'tahuellfedr. st

aver age and s h th h I

intact. ’?dﬁfﬁéﬁs agfee ﬁeaf‘ %g}faﬁldecoorpl' &-FBA&S e cong'ucte the
air. [oomnm@oéedgﬁdcampagergraggrgw@ed soﬁ%lébdqu&ge&r gty ﬁ‘&ﬁ
about ong, Il ¢out orfﬁxhaepaﬂeibst%hytmwaéeémwb@q@ddc@m m2.
Theflrst aver age gr.ain.siz f | ess t han abaut te ne, . and i
typi cal IRpagEtalidfi86odP § BIEéE FREERT r 75 Q";:jtlgea grahen a85/& % ay
be typi @a{bd )cbdlas?ﬂzleana&boutnagnhanaanaldwdnetmmd radrcEgd g:r’f@rmal
si ze may_he bhene I te f m
perforrrstorneesso% r‘rilﬁl%lel u%g?gggtw%gg%?ggﬁ tgw%]%)e il&%logr%ug-r?'t asdrlect of
an i nvermdrgritensoflenghlst pEm 5?@Wﬁtgl%hée%f@?e f%ﬁﬁﬁ%ﬁﬁ% |dr‘r‘dp

during hesdiing aRdt,eehy syalhkbtzgt EoAsid6ERE tbny, tasaned st idwddr | m

has a surface that does n tron ronot e

recryst ailgc?’i%'t i SYPYERPEH ?g‘Prian'ﬁg?g'Fﬁ%nfﬁ?n&ﬁ%ga&g%fg%en %LHI "
pr onot essigreaisn cundligariagiodsr dngingckyst addl ing iR a W’ﬁé‘@r ee.
Wth ot hefe | o ﬁrwlqrib%@l%nkéroﬁ.ohgyeé‘ﬁfé’%esheéxﬁﬂf’flovié}.e dddgnt

prevents contam natian of fhe recrystallized wafer by elenments in the
envi r onrAgRS it em i 1°gc £PeLdPEi- zat i on occurs. [00151] A basi c
enbodi mrent of an invention hereof further

[00142] Heating and recrystallizing a square or rectangular

wafer has been described generally above, assuming that a
straight edge is presented first to the heater. When
processing a square preform, it is also possible to introduce
a corner first into the heater, and this has scme advantages.
When a straight edge is presented first, each location along
the entire length of the edge is a potential site for unwanted
nucleation of a grain. When a corner is presented first, fewer
potential grain nucleation sites are presented to the elevated
temperature. Thus, it is sometimes more likely that a single
crystal will arise when a corner is introduced into the molten

zone first, rather than a straight edge.

[00143] The foregoing has described apparatus and methods
that generally orient the wafer preform 416 with its capsule
420 horizontally. In other words, the thin {thickness)
dimension of the wafer is aligned vertically, with the two
larger dimensions (width and length}) establishing a horizontal
plane. The preform then moves along a generally horizontal
path through the furnace, and other stages. However, it is
also possible, as shown in Fig. 15, to orient the preform 1516
with the thin dimension aligned horizontally, and a long,
typically the longest dimension, arranged vertically, and to
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conprises the step of removing the film [00152] The film may be an
oxide film The step of providing an oxide filmmay conprise heating

the origi n@lo 208HREsshn an environnent that contains oXygQfr/6RoeésRBéesi
thin oxide layer fornms on substantially the entire surface of the

8; :)\?\Ilt Ralm%%él%t v ile8 fflilyOfthl%Qt éhdghguﬁﬁéééhr@ytﬁ@ﬂmfﬁm@lrgt oxi de

h. n | fferent. egbodi nent e step of providi oxi de
conpri séi‘l’wa%id d‘gitg\‘ A (a1, @09?6855%%@@6%@%08% lfétfg%glszFor
a benef i €lehereydddi 245nt1,5 26heustee peohrenged gt ¢ Nerovide ndie wgassaran
envi ron é¥¥"5¥rHH§Jé%§§H¥% ﬁ@%bhﬁglﬁg QXi Ofe | RYEEr TDI1® deits and
conduct € a time 1mediately before the step of heating, the,
encapsul zeexry sid ekl aafde s Shditt thes eBGRRASE hated NEAERT gF $id 1Rt ErS

recryst ahdd zasg by thivh thetsauerheasing environnent. The
oxi dation may be conduct ed under the conditions such that the

ori gi nal becqones | te 1t hi ' '

original [%’g] i sc"ﬁ—'o _secr;%ir?g nglpfa"g%ﬂ%’og%ggﬁ%ugﬁagﬁ%ﬁ%%n%o iorr%tnt
of an i meshawistherddich mey dnepuge Réarpnglenenrtsi bhhht heter Fhftn
envi r onngaty Lo M RHOWAFRR hhahganNafdi desbaygicéHs Bulhbch

conducted at a tinme signifjcantly before the st of atin e

enpapsul%‘f%‘be%fg?‘? "Erf%xhrfdf@rm %’F%‘Pgr éﬁPaE%ﬁgi ’tlf“g%’é Wg%l% %‘geéﬁnigépf

whi ch t helanmiimgy nedroeaf .er Thec olsinglihigzedements may be integral, such
as a large c-shaped clamp. Or, two or more independently
operable elements may be forced together, to clamp the wafer

therebetween.

[00145] Similarly, rather than being oriented substantially
horizontally or vertically, the wafer can be placed at any
orientation in between vertical and horizontal, as it passes
through the stages of processes disclosed herein.

[00146] The methods disclosed herein may also be used to
improve the crystal structure of conventionally manufactured
multi-crystalline wafers. They can be used in the place of the
original wafer preform 216, as shown in Fig. 2, and all other
figures, such that their crystal structure is improved to have
relatively larger average crystal size structure discussed

herein.
PARTIAL SUMMARY

[00147] A preferred embodiment of an invention hereof is a
method for making a semiconductor wafer, comprising the steps
of: providing an original semiconductor wafer having a first
grain structure, having a first average grain size; providing
a thin film capsule over substantially the entire surface of
the wafer to form an encapsulated wafer; and heating and
cooling the encapsulated wafer under conditions such that the
original wafer becomes molten and then recrystallizes with a

second grain structure of second average grain size, which is
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[ 00156] The environnment in which the wafer is heated may conprise air
or steam [00157] Yet another preferred enbodi nent of an invention

her of has Beosl@s@f providing a filmconprise direct|pegpasiobdosd a
filmon the original wafer, such as by spun on gl ass, sputtering,

physi cal; Mapar 1deROThel $Rrser a¢hsaheahryaRosiAepagid inich dHR1%8k
Wth stil]. Tanot her |r’q§1 r%ant ,en‘i)oderent of an invention hereof,

bef ore tHe®%IETGRS & ?‘5 fAFER2FRgI 58 east one backing el ement is
provi ded adj acent at |east one surface of the film which backing
el enent EQIE@T s The fitem b6 heabingsahdteerlEnd ynay f1e cpyelucteg in
beneficiglly conprises a material that prevents the original wafer
fromadhering to the at | east one backing el enent during heating and

recrystallizatiOn. [00159] A rel ated enbodi nent, ftgt her { Qnpr.i sg-s
provi di NP4 ead@enEEEPPH ABEEABENITALN T 177 atit W R 1 e &E0hE
backi ng glameticutThmer aidadeatratay ited beme fdadalilye gaepér thenl aven

[00160] Tgheo@ ge%a%zpnfhgagﬁgn\? ag}neg,;%g t%&ncgm@ #8yapBaAN bs8f than

backi ng el enent’s, ZS%Ch adj ace opposite faces

! WD
2009/ 00 28BORCTAUSZ008/ BOB0BD o¥Piqal ¥y |hAsSTHEAPaAPOSE BREKMAy The
el errelntSff@th lhg(éifag%q:g&laihﬂisﬁ&@?ﬁéy BE @ﬁrpmfmsal 1448 cknas samutTlome
may al so _have simlar . thermal properti.es fromea :
00161] P nE84 bR cBPC SRR R HREe RETTS (P oy, B Gene T2e LY, mSEe
backi ng hamattowtorgemi $@é. provi di ng the encapsul ated wafer in a
substantially horizontal position, with one face facing

gravi tatjgyady URWR GilhhpeREbim8l oRBCKENgoL: e Sidies N adIRTIgR

bel ow and above the encapsul ated wafer. |t Ry 1?' SO Pe ad anhged

Vertlcarq®“one important aspect of an inventio ereoct,
prevents the wafer from balling up during heating and
recrystallization. According to another, the film has a
surface that does not strongly promote grain nucleation during
recrystallization. With yet another, the f£ilm has a surface
that promotes grain nucleation during recrystallization to a
known degree. With other important embodiments of inventions
hereof, the film prevents contamination of the recrystallized
wafer by elements in the environment in which

recrystallization occurs.

[00151] A basic embodiment of an invention hereof further

comprises the step of removing the f£ilm.

[00152] The film may be an oxide film. The step of providing
an oxide film may comprise heating the original wafer in an
environment that contains oxygen so that a thin oxide layer
forms on substantially the entire surface of the original
wafer. The step of providing oxide may comprise dry oxide

growth.

[00153] In a different embodiment, the step of providing

oxide comprises wet oxide growth.
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[00162] The backing el enents may conprise silicon carbide. They nay be
substantially flat plates. The backing elenment that is above the

waf er may G@Widdessa vol ume of particulate material. A pel88968/008030
mat erial may be provided between the filmand the particul ate

material (HaEELNY S STBNpenBE MIURLRHiIRBRE] CLhal 8t 8Bt 6F 1 BbatiByg the
usefully conprise sintered particulate material, [001 %Accor ing to
anot her 9592 % it et S LERERR o AORER LB I t RRY ?e?°ng§a%é”1

p_rgvi fjedoknd@ Dogeit | fvrmss uich ddmahuckeld ne hhaimesimoedbateby thefowd er
m d- pl an a cmgggfﬁ hafe i Ne e Lyve I
gravitat ?%%a?t%f e‘?d. ,_rﬁﬂe Ve erc’%%y\igéggrgéfﬁédhﬁﬁég %%g???%ﬁ&@
such t hasugh| that tthe AGiHiavaien recrarerl iiaepr anddi Y1RBIP Zbit al |
rerer{) gé! Vestﬁﬂe?hé&l@ﬁ{g girf\._%/iﬁéﬁhm&ﬂﬁ:c fTih%l 6.xi[:1a91f6ﬂ] hiay Bevesyduspedt ant

i ment .o n invention hereof, the step of.coolin Of1RL ] :
ost abl | SHRAGE Wk 1 TP HER GO HERYs (P8t B UATer, VALPT oRogones
i nt er f acrobeempesmad wiorteirofa |fiquiateariss @hichetbé ecrtgysedl vafey is to
sem condygt.or. ¥gﬁ§ghfreeze interface is asymretric with respect to
the wafer "md-plane. Under different conditions, the freeze interface

s symretric with respect_ to the wafer,.m d-plane. [00165] According to
one very[BQ&F3] en%Rnﬂqnﬁﬁt?ﬁnéﬁ?iqmﬂgﬂﬁPSchg?eBP,LPHEHE%PPr ered¥,
encapsul ahedsvep esf iisedicted et cnilin@it walfey fheasaesvikrapme®:, the

step of h L ng. oay [ Vi g sl f enga

e or rePaRpb B TR o BRNR SE B B iona0sh fo Rents tataabea ar
mel ting & pomeisemificrnil fefare the step ef PRERINPEstBRtire
extent. LARAEShTROLdGsatyf i@ hRidiodiFERireat abntiyveohEofirbar ebbse

under which the original wafer recrystallizes.

[00156] The environment in which the wafer is heated may

comprise air or steam.

[00157] Yet another preferred embodiment of an invention
herof has the step of providing a film comprise directly
depositing a film on the original wafer, such as by spun on
glass, sputtering, physical vapor deposition, or chemical

vapor deposition.

[00158] With still another important embodiment of an
invention hereof, before the step of recrystallizing, at least
one backing element is provided adjacent at least one surface
of the film, which backing element supports the film to remain
substantially flat. The film beneficially comprises a material
that prevents the original wafer from adhering to the at least
one backing element during heating and recrystallization.

[00159] A related embodiment further comprises providing a
release material between the film and the at least one backing

element. The release material may comprise a particulate.

[00160] The at least one backing element may comprise a pair
of backing elements, each adjacent one of two opposite faces
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entails the step of cooling by establishing within the heated wafer,
a freeze interface between a zone of liquid and a zone of

recrystal | ﬁg@mﬁgﬂ%&onductor which freeze interface i $GARSHYR0s030
toward the liquid zone, asymmetric with respect to the heated wafer

m d- pl a'bgse%% Wiy Om%g\st EaS.P of ﬁé%ﬁn@%iélﬁ@r{ésaq@yaw %fofega gat er

than 90 degrees t i quid zone“at a first [ocation | ess
than or WHENNESE90Tdedr BESTuBhaFHLERREFFR d TiYe MRY A1s0cbaye

| ocat i oy d3GEA Gk TheeemalepiBp¥rdiéé of eoh awyls dihedr.ovi de an
asymretric cooling environment. [00168] According to one such nethod,

It 1s ac i.shed r I.sh.a
greater ﬁgggﬁhc) o&agdgﬁhgcggrgﬁg fié?ﬁe%heate Epa?r%iéﬁgé gFe
to the Ommedi Caesberkdeg piemenhl compbiEes|REQG ey itde [pasepsulated
Sh:jel f“ %%ﬁ{iﬁn%ﬁ s@gors@ageéany%ﬁit@@%\éytwgﬂf@ﬁpeﬁt(}ht QmTehEtace
m d- pl ane o e heated wa eat_so nd oppos
surfacesf"’lﬁl"t%éfrﬁé’&tt@&lﬁﬁﬁﬁy }&H‘ﬁ?ﬁ@r Ry ?%l%c?ﬁcgiﬁit 5@;‘?&?&% i's
wi t h headesinmmsy m&a&@eﬁebembwt ahangbbvef the atrechpaflertedasyafieet.r i &l myly
W th respect a&@%n eﬁ ggggg g%} he heated wafer. An asymetric

a

cool i ng enV|ronnent be~es Shed by providing a pair of heaters
of equal heat out put spaced asymmetrically awa onlthe m d- pl.ane of
the heat P Mler . Theo PegKANG P@?ntFn$%¥t%ﬁWP P h &2 Sstep

of cool iy emEy b @gbsﬂ:&habbllﬂi?I ﬁgawn phatlest hel‘lvmf}:esrc]a.rfq edament

Nt er ! ack APLUCSL Q7008 OhreLolby &4 Pfll.z,—gnae 1 e W tﬁgﬁééelé%qate

sem con Feeze I nter asymmetric w respect to
t he heatrwemaf@ m dedease, mahgriattmay, bW%‘r#fiﬁt%é’eﬁ%W‘ﬁ%’asttheoﬁé-lm

backi n9 ﬁ@@i{}t ﬁa}?t@.‘bh@?ﬂ@dmﬁﬁekmal §aemi&g C?Ik&métﬂﬁ.td IfHe)\Aﬁalfl{mﬁmdme
recrystallized wafer intq the backi enent _an m t he

r ecr yst #3 P& ARt M tefp? 05‘@)’055%%8?9&' OGS%%%/?Z-[%?BNO] Wth a
maj or engendiinenitatet mateeriadonduct or conpri ses

[00163] According to another useful embodiment of an
invention hereof, the wafer may be provided in a position,
such that a line that is normal to the wafer mid-plane has a
component that is not vertical, relative to a local
gravitational field. Or, the wafer may be provided in a
position, such that a line that is normal to the wafer mid-
plane is horizontal, relative to a local gravitational field.

[00164] For a very important embodiment of an invention
hereof, the step of cooling comprises, establishing within the
heated, encapsulated wafer, a freeze interface between a zone
of liquid and a zone of recrystallized semiconductor, which
freeze interface is asymmetric with respect to the wafer mid-
plane. Under different conditions, the freeze interface is

symmetric with respect to the wafer mid-plane.

[00165] According to one very useful embodiment of an
invention hereof, the entire encapsulated wafer is heated at
substantially the same time. Or, the step of heating may
comprise providing motion of the encapsulated wafer relative
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silicon. [00171] The film may be doped silicon dioxide, or silicon
nitride, or a conpound of silicon and at | east one of the group

consi sti NgwefZo0dMokds@gen, carbon and oxygen. [00172] Sonepg: -ﬁﬁ?%
aspects of the |nv§nt|on relate to formation of the origlna &gﬁg?n

't may be,forymd by z%x{@p'a‘illds‘?de'lq{,'ﬁchﬁt 98{9&8&%% FRE et NALANGE

nelt spinning or spray deposition , according to a useful
enbodi ne?ﬁ‘ajege%rﬂ}arﬂ/é'rﬁﬁ SRt SR ePhe wafer may be formed by
chem cal vapor deposition froma silicon bearing gas. In which case,

it is ve[qomyenipam*clterr mrmfiecteeﬁhembbﬁmmb:yt appl n njneehtion hereof

chem cal 08l T
conventi on dcﬁ% )Fst éfl I nel\f/%f g? 8%68&?%?%?%/%]“ %? rfe%tEd
t he recr‘Y@f%ﬁH @eﬁfﬂ&ﬁ%rlqt@rlfé\?@ Retreesr A tgnefof nlixnkdsard i3

about tegg p:?é&%fﬁtél\&.qrzéd %e&&k@hﬂuc‘&’@k?hwhicﬁoﬁﬁé@i@ PhtEreadodigrent s
of th|5|nvent|on dzel(fg‘ |naI

F .
Sbout St TRGA e ar S o Lranic 26mer oR RIS B et R pESEr ey, 6 6
m crons beat&bOratienr anisl-planehianidc whaebt neatsi thé st ilmenefdri al

embodi mepf, dagﬁrlﬁé he,diid dé%?%r t@s tfa hbﬁkas§§e@£ @@we&nt@@ox&q&cﬁ

M crons an crons an ferably e ween” about cgons and 2
ni cr ons. 298 16]a tE s thilgaaFigdernd LREE, thar ‘P?I%B%} nbos% iﬁ‘-ﬁ‘fees

toward the liguid zone at a second location.

[00167] There are many different ways to provide an
asymmetric cooling environment.

[00168) According to one such method, it is accomplished by
providing at least one heater that establish a greater heat
flow toward one surface of the heated wafer, as compared to
the opposite surface. It is also possible to provide heat
shielding elements arranged asymmetrically with respect to the
mid-plane of the heated wafer, between heat sources and
opposite surfaces of the heated wafer. Another way to achieve
the asymmetry is with heaters spaced per unit length of heated
wafer, asymmetrically with respect to the mid-plane of the
heated wafer. An asymmetric cooling environment can be
established by providing a pair of heaters of equal heat
output spaced asymmetrically away from the mid-plane of the
heated wafer.

[00169] A similar, important embodiment has the step of
cooling comprising, establishing within the wafer a freeze
interface between a zone of liquid and a zone of
recrystallized semiconductor, which freeze interface is
asymmetric with respect to the heated wafer mid-plane, and
further, wherein the at least one backing element is arranged
so that significant heat flows from the recrystallized wafer
into the backing element and away from the recrystallized

wafer.
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the wafer nay have a textured surface and the filmwll conformto
that. [00177]Wth sone inportant enbodi nents of nethod inventions

her eof , t h@osh®mosko providing a filmconprises provi di ngTAspsosiosdosd Y
of nested filnms that each surround substantially the entire surface
of the oro@i7ey wafith a WRj200embEARRENE]/ £i52 098 NORARRE{di0 oA seist
may be tha]é the step of providing a filmconprises providing a
pIuraIit? TCNested fil ms which, toget her, surround substantially the
entire surface of the original wafer. At |east one of the plurality
of nestetPQHIH fi IThe reylmsdeyokaddPped shhkcomclionide QF fSHGE-SOP i he

ori gi nalpived fie, [&OJa?%]olmfpolmakbmgsmha&@ﬁ ahe &cThass dike fdfeqent |y
useful, a rel ease mat.eri rowde bet enthefllmand at

| east or®r P (FRNSHS lé‘a?stOné‘)iPﬁi?ﬁ Rg EfERBHLS ?W‘?ré‘l ease materi al

may be particulate. [00180] An inportant famly of enbodi ments of
met hod | @@Lit3jons Svareedivpourtiohdr aspaptssef thackiyrpiion amstatend-o

encapsul a4 &eh "&£ WH 0 1BaGkh NgagbeTedt hheriebetyda hetaaepiat

| east two npre backi ng el enénts. I.n sych case, the step of heatin
and cool TR HA RGN ESAHIMGES  nERE) AGSSRECE0dIT Hy THPTNY G
encapsul @émsk Wafear.s st acked together. Al of the backing el ements may
be of equal thickness, but they need not be. They may al so be of

?LZS\'AE} 'efdpoef Ml Pr QRSB Sy kBO048LLLRE1 SEAR-QT mde@Td £ G Nith R iidHI
hereof the wafer may be formed by chemical vapor deposition
from a silicon bearing gas. In which case, it is very
convenient to provide the film by applying a film by chemical

vapor deposition.

[00174] The original wafer may be a conventional multi-
crystalline wafer.

[00175] It is very useful for the recrystallized wafer to
have a uniformity of thickness of within about ten percent
over its extent, which is possible with embodiments of this
invention. The original wafer may have a thickness of between
about 50 microns and 400 microns, preferably between about 100
microns and 250 microns. In this connection, it is a
beneficial embodiment when the film layer has a thickness of
between about 0.25 microns and 5 microns and preferably
between about 0.5 microns and 2 microns.

[00176] It is highly useful that, the film being so thin,
the wafer may have a textured surface and the film will
conform to that.

[00177] With some important embodiments of method inventions
hereof, the step of providing a film comprises providing a
plurality of nested films that each surround substantially the
entire surface of the original wafer.
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beneficially conprise providing relative notion between the wafer and
a heating environnment that establishes a nolten zone within the

waf er, suctwotdoaboosssbrai |l i ng edge portion of the recryst@attuszessooah:er

has a greater nedian concentration of inpurities than other portions

of ]Ehle rﬁml“m pl liged M.ﬁfrr]r%ﬁr b-EpltﬁatSt?ety@@pr)f zppevi@ind)i a1gE it )
user ul ex 0|tat|ono IS reLini ur er co es I.e V|ngt e
el 1 e S St s 0% e LIEREREBoPE | BRCeR ThETE PR al i soq
waf er . Bragetilens, clunresngstsabstastindlerthypenltey secface i dihehave
a hi ghef?,!f@/ﬁialo afraw“Ate Q§a%.t&a6n5h8fo£ﬂ§rp?9félil@_\? Of Adpfiafin It

is usef to0 renove the eruptions fromthe other portions of the
recr yst af Him% dnaya eIt r Uech dZEAs f8EPs the ‘Fh%lﬁ%aﬂ‘ﬁ'@a‘é‘ﬁ\f?# dient are
aspect s ®fidgmidiodrdfesanti ons hereof, including heating using silicon
car bi de heating el emants The step of heati ng i s beneficiall y V\D

20091002 7c;rlus qﬁqqlggﬁqg@ggcgﬁg - a fa'énégeff%ﬁ& r 2 Ceram e

i nsul ation co r|S|ngs car m xed

pol ymer 3 itpliefseq OBIB31Pt Wo@ﬁeprﬁﬂéfiéﬁr’éﬁt‘é%ﬁd\:%nﬁl apd at

i nvent i ofedwy esfe icy an@tEod et Bk BEcRiSENETOREKE] Ofh el efelease
conprisin the st s .of QVi an original sem conductor wafer
havi ng &1 h B r‘ﬁ% aﬁg\h ng a first average defect
density; prOV| d| ng a thin fil m capsul e over substantially the entire
surface DI0X8H waffer impordemtafasndipefl areadiaeets afddk2®dng and

cool i ng il Ancans Heallst W&me&n@@hpwsésts@aékﬁﬂghaﬁ ha¢asbecwo

Ol’lgl nal wafer becones nolten h g recr st al JC é\ﬁ V\f) g a_ second
grain st$RARFE s NeFRF Saver t%g@ eféch9de §5“'t:’9 FERPFEYFE3s t han
the firspetwesmge: defeati tdensidre, bac#tisgchlemantshelfi snehepasas the -

subst ant j n@%y 4 r};eaacgmirgdqﬁtﬁgﬂo%wﬁ'%a%ﬂet QS%eprséﬁsfﬁgegnﬂ@Qtﬂﬁ@tam an

inventio reof a sem cghduct or waf

conpri si $RP YT skheh P toflegsto W ﬁ*@céﬁséllﬁﬁfgﬁa?’agéﬁ?cﬁhﬁﬁ]é?grt%?gr‘er
having anfirst a{@lﬂacs&:mgctwemerﬂwvmag bef bEStqaukr ajéchnass, shue;
provi di athlnfllmcaps 0 ap.t of

t he waf e?n?% 1T naont cbéavere e\Xaﬁ%& a’iig hgapf BESS %%% Hﬁéﬁﬁ&
cover ed pedreridrier conditions such that the or| g| naI vvafer becones
nolten and then recrystallizes with a second grain structure that is

i nproved;dd v | he frig Sty aim Mdatielguaad ebbliehgi Bhgr aafiesi may of

def ect d,gns'%%ﬁm]t P S YSRGS BEILEL LT AERLES BUBSLER!LAL!Y

i ntact. erre i nVéntion
her eof |‘saﬁesemctmdmﬂ@nmrmlrmmmts|th9ta95§éi?lp>§h?§oﬂ BOHPER STPRE

a sem C%ﬁvﬁﬁrtﬂ@fﬁﬁeﬁa\@m toM S Wb e-antiiakl ;édt;babogam@ﬁu 8¢ the
surfaces and a cr t%&s structure with n aver.age sta

| ess t haFegHRtfate % iZalgh7 e 8r‘fpf“8fjé FSHLﬁEg{ﬁbOFh body
portion jimparities ftHan casart qrorthentshiof ﬂ:hlerrreom'psmséélaegl wederty

of nESteghigif%filégbe of zone refining. A useful exploitation of this
refining further comprises removing the trailing edge portion
from the other portions of the recrystallized wafer. Eruptions
of recrystallized wafer typically occur, which have a higher
level of impurities than the other portions of the wafer. It
is useful to remove the eruptions from the other portions of

the recrystallized wafer.

[00182] Aspects of the heating environment are aspects of
method inventions hereof, including heating using silicon
carbide heating elements. The step of heating is beneficially
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[00186] The semi conductor may beneficially conprise silicon, with at
| east one filmof the filmcapsule conprising silicon WO
2009/ 002550B8Gddokdp2e®8/ 008030 di oxi de. At | east one fil mcajush&sioososo

capsul e
capsul e
film of
one of t

may conprise doped silicon dioxide. At least one filmof the
i&ﬂﬁdﬂﬁé@}ﬂheaSEhkﬁaaenthatdBash@mfoqsﬂﬁnsﬁﬂamiaﬂ dosmsti same
he, capsul e .nmay conprise_a . compound of  sili t, .l t
B0 L PORG U RARE T BER, D rroriiaies iy Lidiis.

,~carbon and

[00187] At | east one of the flat body surfaces may conprise a textured

surf ace.

[JOIBEA8] WYeld angsbeyl pspbetradnembediangnl f Ay Inpatd on

t hi cknesgs o glanecmetiodt £82 HhkhiAHSa a8shEOdudy MLTdS,
preferably between ]

[ 00189]
her eof
m crons
about 2
filnms

bout 100 Eicrons. nd about 250 crons.
REHISAG VHEh SERBENOE * pPEPELTLRT BTl HEH® bf° B SN 8n
wdkemestvechd ial Milrayegrhds atthetines shafimpetaebir sthevere.gzs
@é%c@%%ﬁgg%g%ggmd%gf g ghi Y Peiyess,abautofk,d mcrons and

m crons. one version, each of the plurality of
substantially the entire surface of the wafer to form an

encapsulated wafer; and heating and cooling the encapsulated
wafer under conditions such that the original wafer becomes
molten and then recrystallizes with a second grain structure
of second average defect density, which is less than the first
average defect density, and such that the film remains

substantially intact.

[00184] Still another preferred embodiment of an invention
hereof is a method for making a semiconductor wafer,
comprising the steps of: providing an original semiconductor
wafer having a first grain structure, having a first average
grain size; providing a thin film capsule over less than the
entire surface of the wafer to form an covered wafer; and
heating and cooling -the covered wafer under conditions such
that the original wafer becomes molten and then recrystallizes
with a second grain structure that is improved from the first
grain structure, either in grain size of defect density or
both, and such that the film remains substantially intact.

[00185] Yet another preferred embodiment of an invention
hereof is a semiconductor wafer comprising a body portion
comprising a semiconducter wafer, having two substantially
flat opposing surfaces and a crystal structure with an average
crystal grain size less than about ten mm’. Substantially
completely surrounding the body portion is a thin film
capsule. The thin film comprises a plurality of nested thin

films.

[00186] The semiconductor may beneficially comprise silicon,
with at least one film of the film capsule comprising silicon
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surround substantially the entire surface of the wafer. Together, the
plurality of nested filnms may surround substantially the entire
surface ofwbheswvmtso. O, at |east one of the pluralityr@fusremstiooshso
thin films may surround |l ess than the entire surface of the wafer.
L0019]-}] _Admfmmatmdge‘a@te@tneprf&mr bedthebedpsené why atompwisd idoped
ereof is. p sem conductor fer as in
conpri si % ct & F&F’ © §C?ﬁ§‘“ g%h%s?%rbﬁl?la%qgélﬁfl atrl’iﬂrc'%e
opposi ngssljrdcateatmeﬂea. doyst generpldyur et uleashnons ef blye Q,ff yaha|
grain sizg,d b{f% 5ol @NcBRpoRHASEANEL 8l Lyn CORP! £t €ldast one of
e

surroundi ng t rtion, |sa thin filmcapsul e. The wafer
assenbl ytheirgap &ﬁﬁﬁ%sé:éé"gaf’ Ie&éFrBHEnbaERF]Ha e ReY Hef acent at

| east one surface of the oxide film [00192] The at | east one backi ng
el ement pEYLEONDr izse laam nef offatkiendletehedy ssuefateadpay eFRmRITies f
two oppogsi filmlayer. The wafer may be in a

subst ant%a#?exé'ﬂ:crl zont a%pom tion, with one face facing

gravitati onaII upward and the pair of backi nents bein

ar r angedl $2} WH g & GWS‘GPG‘W’B%@GEF@OEQ%OW%%BIaIB?)}Oe ?‘ﬁ% Saf er .
The backtmgcla{ég@rdﬁ bewdeen ebotitaby mt orpnissendi Aboon 460 bnd@roﬁl'm.ey
may be subs antl f S h l g

the waf eéf- ?/ r}%/este‘ﬂl egerhv%lb%&l% lfo b gl?“ ?’ ?gﬁFa?ngn&g‘g{r}%a%g}@V\%i{%% nay be
si nt ered. 00193] Many t echni ques and aspects of the inveptions have
been desEQPLE her“’éfwcaﬂﬁé'rpé’rlé:@naé‘P?FF‘FEdPFﬁfF-ﬁEeQr?W?S?mﬁﬂﬁe? tHhd
that manyn@énd s endead) qirs neatede faimdluyeh babea thsckoees of

t echni ques, even y, hav.e._not n i Ei esgrl LN, use
t oget herPe ¥R n%}?oa‘ﬁczbe a’-né; HECAD) Q%%r aEBﬁglf_‘, ﬁ? L:L:égrrlrglfe ?gg%% e
used, whbetwegn |alyuy rﬁ)r%\md:riqmsgla@ﬁnabpklé 2opigEpREt den5| ty or
both. The capsule may be fully enclosing, or only partially. It may
be oxi de 0@19@Py othesnes Wil ,f idath bE wRE peugadimey of fiposited,

or othervm se ac |n Iate .nay be d e ry, or
not . The?uﬁ'é?)g) ‘gﬁqcoaqblr ceulegt drSoF 5f§§§bfjﬁa F%n‘%?%greof A
rel ease Ttagethetyptlvalplwmlrlthmmfamsm félmsemayTRETEGHDBHNat i on of
film reé@@é@arh@i’ﬁl back dift Bleat rFaler bl taBoubderesok] he 1Best
encapsul at ed wafer removabl e from whateyer su port_is

during reeeyet atre z%&‘?‘iﬁ%-l%ff: mﬁé&n l;/LES'E'f i ?HErSPlg 5;%?5
waf er prehat ntheyebes ts exlyr fevee arfy the walflee .net hod to provide the
capsul e may be used. Conbinations that have been discl osed, such as

using Eo?i’sP th zf.Oé éﬁ%ﬁ/\@ﬁeff%t%%\@f@%rbaeefnbbameﬁd et ahe
used. Th ree e inte ace may be symmetric, if Ey’? kl}on of ra|

i s accepiBpBEHtieRy, h%yeof tiSrey) LGOS W"“If1era Vccofnﬁ ﬁ%ﬁ?
of the nanyoapysostiwwm demmsisihlg sh semizoydueteirc vedeli, nhapiogi teo

and thus_f ze, | rface . L. 42 S
devel opea ubg ?‘l%?lgif eﬁ%%n%éq%n %glrtf\%%e\t%c e % Sgggégyﬁgktggd
with anywothtm dverree earftiaurerdionsissd lﬁ-‘ﬁ? bRgtetehatBri al ,

film mat §ﬁb§£§n91§pi§93@&upﬁte1@Istuﬁqjcmmfne;r tsateamynpprheous edswat h

any of the, varjiations i erials or for
serial pFB#BCcE? ‘bﬂ gqjte‘be ‘%ts SESST; v %é:l%@en { m %Eﬁgg gk
denmands aedsquahetlya¢kadgeoéleme1{t0(hrﬁmdﬁnts adi §-@Ia@§u9@ed§§érfﬁ§§s°5nﬂhe

di scl oseg. gg%ef_{m[l one invention. The inventions are set forth in
the clains o

[00192] The at least one backing element may comprise a pair
of backing elements, each adjacent one of two opposite faces
of the film layer. The wafer may be in a substantially
horizontal position, with one face facing gravitationally
upward and the pair of backing elements being arranged below
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WO 2009/ 002550PCT/ US2008/ 008030 this and rel ated docunments, not only
as filed, but also as devel oped during prosecution of any patent

appl i cati ogobapad8m this disclosure. The inventors i nt@ghdgd60s@bsbgn
all of the various inventions to the limts permtted by the prior

ﬁrt , @S ddd ia&oo%bS.lﬁwJ%tﬂestﬁd;%@r tasiaa&dngpebgmeﬁbs L@@ pﬁ@gl@rjﬁﬁﬁia'mﬁd
erein is essential,to each.i,nvention disclosed herein. us, .t he
i nvent orSOTRR IS S o P& éstrhgé’cpt%e%e h%‘?%?%‘-’,‘n%ﬁl]%tts‘%qt

ai med
in any psldtenul arThd davkihgamylepenenthbiséd apovdishelivafasmay
shoul d b@orféél:c%;éj%r A%l 2 %@h&%&faelaamgtew&l?ﬁ}m Asp el i es of

har dwar e, oups of steps, are referred to herein as an invention.
However ,S¥Miered not an admission that any such assenblies or groups
are necessarily patentably distinct inventions, particularly as
contenpl ppErby | anhyardcheddualsi ang megacts ngf t tiee nimbent dns have

I nventiaons that w.ll xam negd,i.n a pl L cat i - uni ty
of i nve%%%‘h.q%stcﬁl?%é;t%ee% g 't 0%515! gggﬁgﬁt E%@l%‘@ Jégyﬁ]%oéa#]t Q,'Flﬂ
enbodi neendexstand hbadt meRy [F0 tHEEANtaBEniaRes | @aR bR ¥ Hetew t h.
It is enphasi z8dditaled RiethtagiueaGt eivenbeENghey ONadeInd®© ewil y with
the rule re ,u',riagg|1 an abs:jTrbact that w |l ?Ll ow gxam’ ners_ and_ ot her
sear cher¥P% %‘lﬁ ¥ d8SEE PN 10 ES8ubPERE Rt tEPT ot TR TRcHN cal

di scl osuswitdild sidimall echfigirt mattlee iaddeast badised: alti¢h will bwot
be used | r.et o idmt t 0 I, N e L s, as
or o Sed_{rg%ﬂ'cﬁ]eg{ g.éf % lé sq.‘zte,. %F‘O%Qggt BelBaPY NGr ObotRE OfRd

rule 0197] The forggm ng d'iscusm on

shoul d LRERFHE Ftaxb e YYLYuSNCIOS¢@9an AT sABLY dPABEIBEL Eonkt dBF e PG o
be |im téxpdd N AnaseraheNidieathe ifalent Tensapave geewn pasticul arly

shown and described with ref.ere 1.0 .pr | f,
it owill PPURIETSt B %&etrﬁ“&gg %%ﬁiﬁlé‘%di'nggﬁyéiggtsﬁg‘?é \rfﬁ% glﬁés &)
changes ifi fereasany daminos -mfpeye maydeet Fedédn oF t RBtEigepakei r 2
fromthe.sphiddead sappedd. thedirwert naperastgpicagty byatbicel sters.

| QOL8I The, SO0 SSPENAD Lot sy oPLeh el 5oy ke fflopdubiahan)
plate material should result 'in the encapsulated wafer being
removable from whatever support is provided during
recrystallization. Any suitable means to form the original
wafer preform may be used, and any suitable method to provide
the capsule may be used. Combinations that have been
disclosed, such as using CVD to both form the wafer and
provide the film need not be used. The freeze interface may be
symmetric, if nucleation of grains is acceptably low, or, it
may be asymmetric. If asymmetric, then any of the many ways
shown to establish an asymmetric cooling profile, and thus
freeze interface can be used, as well as any subsequently
developed. Single wafer sandwiches of two backing plates may
be used with any of the furnace configurations and any of the
wafer material, film materials disclosed. Or, multiple wafer
stacks may be used with any of the variations in materials or
formation methods. Batch or serial production may be used, as
appropriate, given throughput demands and quality tradeoffs.

[00194] This disclosure describes and discloses more than
one invention. The inventions are set forth in the claims of
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W)2009/ 002550PCT/ US2008/ 008030 cl ai ns bel ow are intended to include
any structure, material, or acts for performng the functions in

conbi nat i ow()\mﬁglmo@gsher cI ai ned el enents as specifical |l ypEtred208bos030
[00199] What is claimed is: CLAIMS 1. A nethod for nmaking a

semi C0ndw_{.@ramfﬁlawmdcﬁmttshenstepﬁlpfas filed, lut plso daisng an

ori gi nal ndi_n m.caonduct o fer KN&S
greater %e_rre cﬁ\‘gur one gné’sec %rsf1 grf\zgllgﬁ$s ?g% %&%gé/ign S?l 4
aver age cgu athu&mbesclosure [i‘hepﬂ-ovedtngsalnhendf o nﬁfl:%ﬂp‘@ uf!ﬂel cverthehe

entire sprfanes ofntdin MaLlko thaoaqhaeseaseﬂ%{aaegyv»aﬂ@r r8e art,

c. heating and, cooling the _encapsul ated wafer under {jdltl(gns SL{i

t hat thea%r%igl#FaIS%eé?ued‘é&Hwé’?tﬁEWBﬁgaﬁa Pfen y‘écf?@ WFi
second gﬁ@téhrstisnﬁwaszals&@o&dcavehagﬁtgoal disttesedhheteis. I‘mw

han e 4 ShvaNELars A HEAC po?BdaaHENs  Balctiped | LOLEETD M5

i nt act ere n eaftl ng and
cool i ng n&t cokaiegddit R rpar3;l¢h1éa#epﬂiéélm09fcﬁ&}’nPQteWﬁe‘Pﬁ?fitCh‘é

first avesfdeqadids e shou18S bet RABoRBBrateieinto any such claim.

[00195] Some assemblies of hardware, or groups of steps, are
referred to herein as an invention. However, this is not an
admission that any such assemblies or groups are necessarily
patentably distinct inventions, particularly as contemplated
by laws and regulations regarding the number of inventions
that will be examined in one patent application, or unity of
invention. It is intended to be a short way of saying an
embodiment of an invention.

[00196] An abstract is submitted herewith. It is emphasized
that this abstract is being provided to comply with the rule
requiring an abstract that will allow examiners and other
searchers to quickly ascertain the subject matter of the
technical disclosure. It is submitted with the understanding
that it will not be used to interpret or limit the scope or
meaning of the claims, as promised by the Patent Office’s
rule.

[00197] The foregoing discussion should be understood as
illustrative and should not be considered to be limiting in
any sense. While the inventions have been particularly shown
and described with references to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made therein
without departing from the spirit and scope of the inventions
as defined by the claims.

[00198] The corresponding structures, materials, acts and
equivalents of all means or step plus function elements in the
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m®? and | ess than one nmm2, and the second average grain size is nore
than one M2 and nore than ten mMR2. 4. The nethod of claim 11 wherein
the film cepsudomopevents the wafer fromballing up durpdgudresiohsigo
and recrystallization. 5. The nmethod of claim1l, wherein the film

capsul e Bsims BHIRCathdntddBdNeb $hEDAGE YaRpy oSt €cElire N nieked eiatli,on

during recrystallizatiqn. 6.The method, of cl ai [ el fl
Capsule BF S SRR ROTIAGh CBF EHBoForPSsth ronelhfel fifh derde
el enent sclaindit edremandmest specilfichligceyaimedi zati on occurs. 7. The
met hod of claim11, further conprising the step of removing the film
capsul e. rofERHUl eyt RIOWIGiR@da iki:| m capsul e conprising silicon
oxi de. b. The nmethod of claiml, wherein the step of providing a
filmcapsule conprises directly depositing a filmon the original

waf er, using a nethod chosen fromthe group consisting of a spin on
gl ass process; sputtering, physical vapor deposition; and chem cal
vapor deposition; or growing a filmon the wafer using a nethod
chosen fromthe group of dry oxide growh and wet oxide grow h.
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10. The method of claim 1, further conprising, before the step of
recrystallizing, providing at | east one backing el enent adjacent the
at | east one surface of the filmcapsule, which backing el enent
supports the wafer and its filmcapsule to renmain flat, at |east one
of the filmand a release material conprising a material that
prevents the original wafer from adipgpivg to the at | east one backing
el ement during heating and recrystallization. 11. The nethod of
claim 10, wherein the release material conprises a particulate. 12.
The met hbd ofA olethothfdOnakivger sirmcdridactat wafeq stmprisingiae kiepgofel enment
conprises a pair of backing elenments, each adjacent one of two
opposite faces of provididg dmorginesiikestandi®y, siheondicton diater heviag attitkness of
wherein the at | east one backing el ement conprises a pair of backing
el ement soreRien than 89 Micserst andraefirgifgrain etuciiret evirkradfsst axargdigssi sitd;ar
thermal properties fromeach other. 14.The nethod of claim 10,

wher ei n the tacki wepvlingeethinfiosapsulesesr 819 enitreufashdide wafel ® fommen
nmet hod of claim 10, wherein the step of providing at |east one

backi ng ¥captrtetWaBr@88s providing the wafer in a position, such
that a line that is normal to the wafer md-plane has a conponent
that is not Verti @&RINgAECLePHNg thgencapgdaled @’P%&P‘E‘%Pﬁ?ﬁéﬁonﬁisé?@hat thg.
The nethod.o[ C rei he step of cooling c ri ses

_ tJ aljl)m 1, vvhg n th ( ( onp ,
est abl | SKIEIG' WFERRaroMee Mot aef then eappsthlizes itha rerond grylp sliyclire of
o condUSt Bt AREHE R Peead i Hrperdien Be B fniead SonEER melgbinet o
t he waf %eﬂl\lwpr’eﬂaﬂw@ﬁ”‘ntactﬂ' The nethod of claim 16, wherein the step of
c0o0

heati ng an I'ng conprises providing an asymretric cooling
environment with respect to the md-plane of the heated wafer.

2. The method of claim 1, wherein the step of heating and coocling is conducted in air.

3. The method of claim 1, wherein the first average grain size is less than one of ten
mm? and less than one mm?, and the second average grain size is more than one mm? and
more than ten mm?.

4, The method of claim 1, wherein the film capsule prevents the wafer from balling up

during heating and recrystallization.

5. The method of claim 1, wherein the film capsule has a surface that does not strongly

promote grain nucleation during recrystallization.

B. The method of claim 1, wherein the film capsule prevents contamination of the

recrystallized wafer by elements in the environment in which recrystallization oceurs,

7. The method of claim 1, further comprising the step of removing the film capsule.
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18. The method of claim1l, wherein the filmconprises a conpound of
silicon and at | east one of the group consisting of: nitrogen, carbon

and oxygen. 19. The nethod of claim1l, wherein t he original
waf er has a thickness of between one of 50 microns and 400 nicrons,
and 100 m crons and 250 m crons, and the filmof the capsule

has a thi ckness of between one of 0.25 mcrons and 5 m crons, and

bet ween &. 5 rihermetBodiofttizim M theatep. of pRFidingrefilmedohpdsing polvidingah,oxidedilm
step of providing an original wafer conprising providing a wafer

havi ng acapexte.uredviting atilen cap@dle cdhprisingt diliedn okidel ai m 1, the step of
providing a filmcapsule conprising providing a plurality of nested
films that each surround the entire surface of the original wafer, or
at least one film capsule conprises silicon dioxide and at | east one
filmcapbul e derpetheeef daimilewheraintthe etep of prodding néilreansote aompeses m 10,
further qo rising the s of stacking at |east two encapsul at ed

waf ers iifest sadqyaé*ﬂw\aﬂtﬂt @h@ﬁprtglﬁ@rv@é@twmm?ﬁe@tﬁ% §9rRo ror e
backi ng el errents further wherein the step of heating and cooling the
waf er c&?ﬁ?'ﬁ%’&" Regin MPIAFP eSS Shyttring. %{IYS'F%'at@POft%BO%WH‘aE%P%ﬁ“@EP

waf ers stacked together. . 23, The nethod of cl wherein the tep
of heat i ff§°H $RP°8'8 Fichgraving adimen tt‘%i”?%é%'%ﬁﬁﬁ@@ﬁ““ from [y 02

rel ative, not.ion ween the waf and a heating environment that

est abl i SFBEXES “&ﬂn ‘ﬁﬁteoxtﬂletgﬁ?‘ﬁr’t he wafer, such that a trailing edge
portion of the recrystallized wafer has a greater nedian

concent rati on of inpurities than other portions of the recrystallized

waf er; I enrfyl rﬁ'&géecg& cizprﬁ' 1! fu%ﬁere&%ng% tefile He ¥R S N iahROHIAAN

of the r ecr yst al
at least one backing element adjacent the at least one surface of the film capsule, which
backing element supports the wafer and its film capsule to remain flat, at least one of the film

and a release material comprising a material that prevents the original wafer from adhering

to the at least one backing element during heating and recrystallization.
11.  The method of claim 10, wherein the release material comprises a particulate.

12. The method of claim 10, wherein the at least one backing element comprises a pair

of backing elements, each adjacent one of two opposite faces of the film capsule.
13. The method of claim 10, wherein the at least one backing element comprises a pair
of backing elements having at least one of unequal thickness and dissimilar thermal

properties from each other.

14.  The method of claim 10, wherein the backing elements comprises silicon carbide.

31



wherein eruptions of recrystallized wafer arise, and further
conprising renoving the eruptions fromthe other portions of the
recrystallized wafer.

15.  The method of claim 10, wherein the step of providing at least one backing element
comprises providing the wafer in a position, such that a line that is normal to the wafer mid-

plane has a component that is not vertical, relative to a local gravitational field.

16. The methed of claim 1, wherein the step of cooling comprises, establishing within the
heated, encapsulated wafer, a freeze interface between a zone of liquid and a zone of
recrystallized semiconductor, which freeze interface is asymmetric with respect to the wafer

mid-plane.

17.  The method of claim 16, wherein the step of heating and cooling comprises providing

an asymmetric cooling environment with respect to the mid-plane of the heated wafer.,

18.  The method of claim 1, wherein the film comprises a compound of silicon and at least

one of the group consisting of: nitrogen, carbon and oxygen.

19.  The methed of claim 1, wherein

the original wafer has a thickness of between one of 50 microns and 400 microns,
and 100 microns and 250 microns, and

the film of the capsule has a thickness of between one of 0.25 microns and 5

. microns, and between 0.5 microns and 2 microns.

20.  The method of claim 1, the step of providing an original wafer comprising providing a

wafer having a textured surface.

21. The method of claim 1, the step of providing a film capsule comprising providing a
plurality of nested films that each surround the entire surface of the original wafer, or at least
one film capsule comprises silicon dioxide and at least one film capsule comprises silicon

nitride.
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22.  The method of claim 10, further comprising the step of stacking at least two
encapsulated wafers with a backing element therebetween, between at least two more
backing elements, further wherein the step of heating and cooling the wafer comprises

heating and cooling the at [east two encapsulated wafers stacked together.

23.  The method of claim 1, wherein the step of heating and cooling the wafer further
comprises

providing relative motion between the wafer and a heating environment that
establishes a molten zone within the wafer, such that a trailing edge portion of the
recrystallized wafer has a greater median concentration of impurities than other portions of
the recrystallized wafer; or

removing the trailing edge portion from the other portions of the recrystallized wafer;
or

wherein eruptions of recrystallized wafer arise, and further comprising removing the

eruptions from the other portions of the recrystallized wafer.
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