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BACKGROUND OF THE INVENTION—Field of the Invention

This invention relates generally to a method for eliminating defects from
semiconductor material, and more specifically to the cryogenic treatment of
semiconductor materials, e.g. “Indium-Phosphide” (InP), “Gallium-Arsenide”

(GaAs), “Gallium-Nitride” (GaN), and “Gallinm-Phosphide” (GaP)}, semicon-



REFERENCE TO A M CROFI CHE APPENDI X Not Appli cabl e BACKGROUND OF THE

| NVENTI ON- Fi el d of the Invention This invention relates generally to
a method for elimnating defects from sem conductor material, and nore
specifically to the cryogenic treatnent of sem conductor materials, e.g

"1 ndi um FHO3PRIEES (1 nP), "Gallium Arsenide” (GaAs), TEIMPPURIPTY i de”
(GN), and "Gallium Phosphi de" (GaP), “sem con- WD

2008/ 153843PCT/ 1JS2008/ 006931 - 2 - ductor ingots, sem conductor substrate

waf ers quaif BRidtaXsahldo iRBr $8BEGRIMIWGIEFs, |avespitanthlbl ks wat yamicores as
the means to provide for the elimnation of dislocation and ot her defects

fr om sdidtaratageralangnatharr siepeiess asAGKGROBRD CFPIREdP NPENPECRH BASRHPBL i on
of Rl 8t e ichiion and SAVENIO0 HAGRSLA Ia bRaFLEE dipudlipeesses current|y

used t 8 redic&" the* hunber of defects t ormin large single crystals,
and nore particularly to processes used to grow defect free large single

cryst algss oK GROONID OV THE INVRKNTIO N-o/peivrdstioonef Rlelteal Awst
significant devel opnents in recent years in sem conductor technol ogy has

been the increased inportance of compound sem conductors. Particularly
si gni fi cantTher envtdei@ @epetally \rebated dOnPASESFec GHTGONYs ueehpesedues the
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sem copdbicdsees "Usadero brodedéfect Ospe latgqghindei ¢rtyisna)s Drodesup(EDE)semi-
m crowave oscillators and lifjers, high-speed transi.stors, e.g. "H gh
El ect r 6ANEBHIATI EYMPOYRLS st S%° c(tJHElRﬁI')I?O ﬁ&'g/@?’lc i ??/‘b%]gpé}-fenrt%dinatr FEH

det ect Qbgrd 0 sHHIiBOndNéroRREnABIb 4 Bkblchi gt iftetecddimportancBesfusm-a

hi gher "el ectron drift velocity nakes possible faster sw tp%ﬂlsng speeds over
t he nopeusdnscapiciomsactersyi Fasticahty (dgaticaningesing &HpupchiAsY semicon-
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| ncreagi noly O Pgmld§?&rﬂgﬁsé&to%gél%ﬁlféhtwpfﬂo@ﬂy I1Pahe ¢ bEYhé 'PeRfodithe
commer Ciral CuSe 6f sem conduct or's requires the growh of |arge single
cryst aksblef sdeh et GhrseaséinPondwet prumhisemiepnductors, such as InP are cur-
rently used in devices such as semiconductor “Laser Diodes™ (LDs), “Light
Emitting Diodes” (LEDs), microwave oscillators and amplifiers, high-speed
transistors, e.g. “High Electron Mobility Transistors” (HEMT), and various

types of radiation detectors including infrared and visible light detectors.

Because a higher electron drift velocity makes possible faster switching
- speeds over the more conventional devices constructed using silicon, GaAs is
increasingly being used for integrated memory and logic circuitries. The
commercial use of semiconductors requires the growth of large singie crystals

of defect free semiconductor material.

Various methods have been proposed for growing large single crystal in-
gots from which defect free substrate wafers can be cut for the subsequent fab-
rication of useful electronic and electro-optic devices. One of the more prom-
ising methods for such crystal growth is the “Vertical Gradient Freeze” (VGF)
method, particularly the VGF method defined in the U.S. patent of W. A. Gault
No. 4,404,172. According to this method, polycrystalline starting construction
material is placed in a vertically extending crucible including a small cylindri-
cal seed-well portion at its bottom end, which snugly contains a seed-crystal.

Initially, the starting material and a portion of the seed are melted. The power



Vari ous net hods have been proposed for growi ng | arge single crystal ingots
fromwhich defect free substrate wafers can be cut for the subsequent
fabrication of useful electronic and el ectro-optic devices. One of the
nore prom sing nethods for such crystal growmh is the_” i adi ent
Freeze" (‘W‘}‘}g’ﬁ%”?ﬁod, particularly th% VGF net hod def {1 é(gfslﬁdr?@?%g%_ S.
patent of W A Gault No. 4,404,172. According to this nethod,

pol ycrystalline starting construction naterial is placed in a vertically
ext endiHQgherdiGitdneid tednidedgcead Samsdcicyl imdnecahas desbaiek| proeteidoveati-i ts
bottom end, which snugly contains a seed-crystal. Initially, the starting
mat er i &RIZ AP warsdy tirem é?e ??Féﬂ§élé§)ta&re nelted. The power WO

2008/ 153843PCT/ 1352008/ 006931 - 3 -- to the systemis then reduced in such
a manner thgafe {da56ziaty aptogeeadsthe MGEahkhadwaed mofe euntvhetiseet -reethst al .
The maj or advantage of the VGE nethqd over .nore, convent,i onal. net hod such
as t heodsoHFhI &k %M%rﬂﬁﬂioﬂfowg’ AP oo HHBAS 'E?W&Oélsc?vgjglcr gF’tls

with veryd ouydivebpoady o stensidh @8 nsitiese. (.63, ha@ddatiion imdeRfceaicmensity)
can be produced using | ow thermal gradients and slow rates of cooljng.
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nucl eafé®an Spol’l “portions o e single crystal the VG nethod has its
limtatheriatroductiour bietislodatienswehdt kaosen falsat graias [tol avckeonp amiddspednd

to dissociate at, K higher tenperatu wi.th the nore volatile Goup V
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devel oped to prevent or retard this tendency. For exanple, in one approach
to the grovturtiodr, GaAs eeliskabwn thes ther Hlv¥| eampeupdsdpand twodissaerite | af

prevented from escaping b rovidin Of~ presgur | Sin%apRs
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addi tives, having a | ower density than the nolten GaAs, rise to the

sur f ace, vaprapssisare of harselic, vannd evefeilfemalt dFotn2 isgeRTatHS NERES RS in
t he vessel . cont.ai Lajiy ] ors; e.g., see the paper
"Growt IFTOF ﬁﬁ%fsee y“s'{}gﬁlg(?%%{%&g%sd g%%ﬁgbgtﬁy Thin FilmForm" by B. A
Joyce, included in the book "Crystal G owh," edi t.eq by B. R, Panplin,
Per ganon PrMeecoviegyst ipglso spovuinthe agbthygsArsenic less frampheemelmag, s
attenpts PAYeIpah QUE' of Q%yy_@fllr@ar'i@uagrhﬁ)é”lehlalls Nchr ¥§tep Sribyokhm VG-

t echni que utl(fl zing different crdcible materials. For exanple, see the
af or engéBtOaneB Pampi -iGhlboale "at B ppl2) 389- 1ol ciygn Clyhviri ¢ afE aCil s 1l icHnaein
t he success.of these. effogts, has,. n the. nhysi . NN 1t
inter a@@i%ﬁf%srm?h "hEi"e vmgflﬁhtahdzdlgsgéi% g“{/)%al)‘{ll.o or ﬁg:g%? Iete, see the
af or ememt A §nAde Rangplel sulfeok, eatapsul3@9theandctit, Thed Aogetdied Sahent énaxft gas
G owi ng Crys- . WO 2008/ 153843PCl 1US2008/ 0 69?1 . )

pressure in the vessel, can contain the volaiile Arsenic vapors; ¢.g., see the

paper "Growth of Single Crystals of GaAs in Bulk and Thin Film Form," by B.

A. Joyce, included in the book "Crystal Growth," edited by B. R. Pamplin,

Pergamon Press, 1975, pp. 157-184 at page 165.

Furthermore, various attempts have been made over the years to grow III-
V crystals by the VGF technique utilizing different crucible materials. For ex-
ample, see the aforementioned Pamplin book at pp. 389-391. A significant
limitation on the success of these efforts has been the physical and chemical
interaction of the melt with the crucible wall. For example, see the aforemen-

tioned Pamplin book, at p. 389, and "The Art and Science of Growing Crys-



- 4 - tals,” by J. J. Glmn, Ed., John Wley & Sons, New York, 1963, at
p. 366 and p. 390. Figure 1 illustrates an apparatus that has been
used for the selective growh of the boric oxide layer in accordance with
the prior-art. Crucible 11 is contained within a cyli h in
turn is CBRCUPAEHW thin a furnace 13.4 As the fur nace%qs;&tsﬁ}é\@clrcum bl e,
oxygen (02) is introduced into the interior of the crucible by a

tubul ati on 14. Sinultaneously, a counterflow of inert gas, such as

ni t rogegs("NBy.J.iJs GnidaedEed JohnoWiydy ddSoniDNePh& avikt, riG$Sn athus3 eéhtaeds
the open end of the seed-well portion of the crucible 11 so as to prevent
oxygenPfr&Qr entering fromthe opposite end. Thus, both oxygen and nitrogen
are expelled at the sane end of the cylinder 10 as shown by the arrows
that desi grEgergas illwewates arByappiamplus elxqiemiasremm ioed doe tchansql@icc*}mey

obtain a place ion .14 that appr.opri ate~f| ow 0
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Wi t houtg Q%Sh%}%bagwhlﬁ% ianBelina¥f flacewnicH he t8ALds Wonkaipedt withiofa fheace
crucible 11. The flow of hitrogen in cylinder 10 _along the outer suyrface

of crudBbl asithepfuspant hieaks e Grovkbie ofxy gen dlpdds émrf)é‘e&eéfmf%é erBtibl e.
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ni trogeRy %@Heﬁrbﬂﬁ‘én%‘r%g fad Utk bb@ohﬂégﬁlcbpérhuend)wﬁ d*h%emaﬁod mwdgemn of
the crucible so as to reduce the thick )ae]a%cr EBthe 12 at that
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It has ape Agligids £t che ts2me cadr BHUIEF b | & AP nl RY ethec AFTES ﬁh’br der

to eli eg r&téglél’l Y& polycrystalline growth. In conclusion, while the VG-
met hod suc ed in elimnating some dlslocatlon defects in I11-V
conprlsed crystals, as described above, Hear
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there is provided a method and apparatus that. uses cryogenics e means
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materla omco unns of the periodic table of el enents.
Accor dithg dunen shifast @lpectibdé thprpremsemxifienesamitbron theraites spriggedeld a

t hod I def ects f
The T oltPWrHE AP opEet SrP A clohrd B PaRReaafen oAby THER, Bhe, FRTRIL 4V

mat eri 3leasd Bt i 1% der ge1Auk i flost 1 &IHYES] utrﬁlmeeaigmapbeaeltoo@&rfiawing st a
period down to a second tenperature |evel sufficient to renove crystal
def ect gatapti 48 Wtarp-ngs hurtdfffdrat ure for the single crystal material from
the second tenperature | evel over a second period back to a second anbi ent
t enper at ur € uring growth of layer 12, the structures are preferably arranged in an

axially symmetric environment (Fig 2), to enhance uniformity. Nevertheless,
it has been found that eddy currents of nitrogen sometimes occur around the

large open end of the major portion of the crucible so as to reduce the thick-

ness of the layer 12 at that end.

It has proved difficult to reproducibly decouple this interaction in order
to eliminate spurious polycrystalline growth. In conclusion, while the VGF
method has succeeded in eliminating some dislocation defects in III-V com-
prised crystals, as described above, it clearly has its limitations - the most sig-

nificant being higher manufacturing costs.



According to a second aspect of the present invention, there is provided
an apparatus used for elimnating defects fromsingle crystal material,

sai d apparatus conprising: a cryostat which is operable to ranp-down the
tenperature of a single crystal nmaterial froma first tenperature level to
a cryogenic tenperature |level over a ranp-down period; and which is
further operable to ranp-up the tenpgerature of said single crystal
material fromthe cryogenic tenperature to a second tenperature |evel over
a ranp- BRIBESUMMARY OF REFOINYRYTIGNa t hi rd aspect of the present
invention, there is provided a systemfor elimnating defects fromsingle
crystal material according to the nethod of the first aspect, said system
conpri sing: m sicpaBhal wihesebsdisaite thé pedsentcinysitimh, fhereiis grovidedplaaced,

said cryostat being operable to ranp do t he tenperatu f said single
cryst al Mefohand fappEaiua M dises ?@H%%‘!@_t%rtggln?f\%ﬁ &’t glP i %c%eﬁ%fgﬁ’ é;H%]ergSa_t ure
level O¥gfocatidn@ TRort QB RETIOSratld, igbrRAlydtd svbBmae vibgbeCepsilayandashi d
cryostat belng operable to ra up the tenperature of said slg,\gle crystal

f r om t hethsegmatirgsenperising mataris! wkesfongotuams 4 and Vel Rariodisdade Shbi ent
over a ranp up anneal i ng period; a furnace equi pped with a superconducting
magnet FSFI&i ntai ni ng mol ecul ar al i gnnent during the ramp up annealing
period. 5a Accordindecofitt agetinfahd musehhinsepmos therk is provisied e enethddnivent i on,

there is_provided a nethod for elin nating defect romsjngle st al
seni conﬁllh‘&t“éﬁm%&f%?? gpm %quggal@g][eﬁgl, F%‘ﬁ?%ﬁ%’ée g?ﬁeoagl e E{e %r?pr}%%n of
tenper aiR §f0kertbebitht@! BorChYShal SOHHIC AL CarfiBy fdral a Sfiray tambignf r om a

first anbient tenperature |evel over a first period down tofa_second
t enper atamperatae devel oiver ¢ifissitperiod oM@ & pepepdfenpsraesievel ytiieienh iy yp of
tenperature for ngl g.ﬁjatk L COROKE HRsi i@l mieQaNfidae second
terrperafetwoé]elc Sttaqtllagf\‘?g[lﬁ’nagldgdeco pefrt;érggérback to glﬂsgét;:grgd arﬁbi ent
t enper athérsecond tempedataericich gvera sacdridipfehiod bakdo agécond embreatsmpeiaiiyént i on,
there is provideq a nmethod for elimpating defects from.a Sj rystal
epi | ayer, coﬁ"ﬁ?‘irg‘i“ﬁgtotarléecf%‘filW%gor}]s{ﬂgﬂg?ggt ?ngﬁ%tfodlomggflgtpz'%gériﬁjre for a
single gryshigd uSRd K@Y BlimMhand | degcls 60INA sinpleStrysab imtandrial espierapparates | evel
over a first period down to a second ter‘g)erature | evel sufficient . to

f

renpve ePYBTHENE: detyastas whighds aperaiilp A mBrdorepe RAPGRE T 8t 2 singeeryii e _
crystal m%?ériaﬁﬁ‘&é\ a;fm%lpaaﬁl?&ggg th 8 TRRLETiL [npeB¥@t 1Q¢ESveR a SRR B6WREr | 0d

back to a secon tenperature According to a sixth aspect of
t he pr eperidd; iand eviti¢hots, futther eperableptoomingerp e riemprrefarnolofaid dngercatstile for a

i ngl tal epjl : f ] i ‘ ]
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single geysd.al epilayer over a second period and to a second |evel.

According to a seventh aspect of the present. invention,. there is.provided
a met hod f or AcForaingae p Hyrdrepedt 0§ thesrRen! 1BYGGPR tE‘?I%S[pJP(’@?fg% Wé%fqriaf er,

conpri si;Ag; f ' P Sry<tal B REri S Odoaingt RNPEr BEMbE off Qke &r&i Ngl e
crystal e%f‘%pﬁ%tdgﬁ%cﬁ%&?r%%éamrst anbi entotélr%perature | evel over a first

peri od dewnt, saidaysennptisimper atvestet Wesrein saidrsingls enistat BaieEHoy 126y st al
def ect s, aré?m%ﬁréﬁgﬁ% 5@&%&\&;3& &) ALYh Gnd f%{:ng&%ﬁué bf‘ggfi)(g Slﬁl%%sér?gtal"iﬁ;n? L from

t he sec&’fﬁi over a secon eriod to a second anbi ent
t enper atidg emtidit eGhserate 18ddantaagesnd temperatiee bavell ongi v, raimpsdostesperied obj ect s

and advant ages of the cryogenic nmethod descrihed in ove patent,
several sefjcisst & r&m_"“a@ﬁ?,féﬁ%?a?@gsga@fcﬂt’%@t Briag BPﬁra?Eiﬁ\tPeWﬂryo‘fPatglF g‘?ml%mme (a)to
provi de JfQkigl e S bH0EEmCHhY 3t Ghp&RukbCGOgEOMN dinpchfire hevetabove

ambient over a ramp up annealing period; a furnace equipped with a superconducting

magnet for maintaining molecular alignment during the ramp up annealing period.



little or no dislocation defects; 5b (3)to provide a |ower cost of

manuf acturing for |arge dislocation free single crystals of colum I[11-V
conmpounds; (c) to provide a much | arger wafer size (e.g., 10- to
12-in in dianmeter) for large dislocation free single crystals of colum
I'1'l -V conpounds; (d) to provide a very high yield of coherent

m crostructures fornmed in dislocati@a free wafers and epilayers conpri si ng
colum 111-V coqgounds ez provi de a for

i nt egrat ed Hisspraiamfo &jihueh asrasb Pl hﬁrPaeSF%tg‘P‘éen@PP ?rf’ l‘i/prb’g{ﬁ of’

for eliminating defects from single crystal semiconductor material, comprising the
following steps: a ramp-down of temperature for a single crystal semiconductor material
starting from a first ambient temperature level over a first period down to a second
temperature level sufficient to remove crystal defects, and a ramp-up of temperature for
the single crystal semiconductor material from the second temperature level over a
second period back to a second ambient temperature.

According to a fifth aspect of the present invention, there is provided a method for
eliminating defects from a single crystal epilayer, comprising the following steps: a
ramp-down of temperature for a single crystal epilayer starting from a first ambient
temperature level over a first period down to a second temperature level sufficient to
remove crystal defects, and a ramp-up of temperature for the single crystal epilayer from
the second temperature level over a second period back to a second ambient temperature.

According to a sixth aspect of the present invention, there is provided a ramp-
down of temperature for a single crystal epilayer over a first period and to a first level
sufficient to remove crystal defects, and a ramp-up of temperature for the single crystal
epilayer over a second period and to a second level.

According to a seventh aspect of the present invention, there is provided a method
for eliminating defects from a single crystal substrate wafer, comprising the following
steps: a ramp-down of temperature for a single crystal wafer starting from a first ambient
temperature level over a first period down to a second temperature level sufficient to
remove crystal defects, and a ramp-up of temperature for the single crystal wafer from

the second temperature level over a second period back to a second ambient temperature.

Objects and Advantages

Accordingly, besides the objects and advantages of the cryogenic method
described in my above patent, several objects and advantages of the present invention are:
(a) to provide for large single crystals of column HI-V compounds that have

littie or no dislocation defects;



to provide a much lower failure rate for integrated HEMI configured nenory
and logic circuitry per wafer; (g)to provide for |arge single crystals of

colum 111-V conpounds that have little or no point defects;

to provide a much | ower degree of power consunption for integrated nmenory

and logic circuitry. WD 2008/ 153843PCT/ US2008/ 006931 - 6 -- Furt her
obj ects and advantages will becone afiparent froma consideration of the

ensui ng description and drawi ngs. The effect e rocessi.ng has on
non-ferrous Mt er foabrevige pilower %b%ma?#a%%%fﬂ#?{g g’&ﬁ’égt ’é@%r yday

i ssues E@,@{ajsqﬂ%m Ng-asgp¥iirn; working with these material s especial ly
in applications that requi Pe high | evels of accurac I\/breover deep
cryogeni c pr (l:c)esstongO(flde@ mublalirgey wafee pge (@guld- Ffa{%él iedigmeisn)- 73 t o

-195 Oe Siu erjia GaP, InGN, &GN, Ce,
Si, and a5¥6n %io n&'é?lﬁglﬁL d(l'?“;%‘r%e1 f?\oglﬁljnfrllg%neg @I;Oumk@;l s, can be a great
benefit, sinuyy becatsad beﬁ@ynmglermalldsof dolidrery ﬂmogcbmnetnmerﬁ:rmecb igr owt h
and/ or de osition, SO|IdIfy bef ore theé alg(lg to formnore uniform
cryst al djs atdqry fige wialers anfeRil aé’é’fsé’oﬁ‘ﬁm@ FB@@“ F L S8MPYHNAS:c 2 use def ect s
(e.g., dislo t' op, slefigc hsiniin 18 0 e Ratb O EIENEE @6riRired Gy ahlli ne

| attice. & I n a%} |1t|on ryt %e?i’edef ect sg} such as pcﬁ@H defects (e.g.
vacanci dgjic efapiinopss wafetur i ng the non-uni form crystallization of t_hese
mater!als. Regar dle3tvidda BRRLYIGRG %alﬂﬁé&atgrf&dﬂﬁégra@d ARMTCHAIERNC
process to these pa amagnetl c an amagneti ¢ mat®errals reorgani ze
thei r maleaiy asd loglc@irotitdy @enwafer;uct ures, which have nore tightened atomic
bonds and so all evi ate t he vast or| ti;q (}j h“ ﬁggw ousle{ dt(é tctba' bed
defect probl &s. & HEYERiY 1&?%5’ ﬁ’@'“ﬁ CLREYyed FEREFTES OF H&Fng abl e
to Chanﬂﬁléd}%o?cﬁﬁh@fe@t@" characteristics of these materials. By providing
for an enhanced nol ecular uniformty, electrons are al]lowed.to flow nore
freely; thus(prola ETOrYgief@)ﬁnl&hn}@ﬂ@f dlegice | o roWeg SORMMALGR Hoh ditegtAted gr at ed

el ectro-optic [ or trom c conponent. BRI EF DESCRI PTI ON OF THE
SeveraL "ottt




Still further objects and advantages wi Il beconme nore apparent froma
consideration of the ensuing figure descriptions and drawings. In the
drawi ngs, closely related figures have the sane nunber but different

al phabetic suffixes: Fig 1 illustrates a prior-art vertical gradient
freeze fabbRedtsisws net hod and apparatus used for growmrgtsogmcsiect free
single crystals of material taken fronfcolums 11l and V of the periodic
table of elenents. WD 2008/ 153843PCT/ US2008/ 006931 - 7 - Fig 2 is a

bl ock di agr idl [ h s met h ofF. th e [ eni c
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f r om calfuimese dddinanéks¥riftid heindedtoaing st alilbe offeel emprdaniaspidiessraniat o
renmove dislocation and other . qe%eteg'g s.fromthe substrate wafer. Fig 3

i s a bICScROHIIEETUMS PREGTIFIS HEY (BR BECAH S IATCPEHEE YRIERA 'OF tHaydas s
CryogeRyes ithgalABMe 0t RRE! ARBHSWEIPWY WRADN tRURSHIALE VAT 865 GONST irnug{,ed
fromsingle crystal material fromcolums |1l and V of the periodic table
of el emdrfagions thiae raeairs highr wyvsle ofiasicoeaad.on and ot her defects fromthe
epilay- ers. Fig 4 is a block diagramthat illustrates the first

al ternati vevgriheg, Qfee‘ii)e@Pyé?%é’lQﬁe@iré?césfsW B, HavihDOh GrepiyshadreDomh &s
formed using material taken from col ums TI1 and V of the periodic table

of el eRBRY&CRISZITRE Weah®dt &alehiiveoliimatseiats.oniehds ottior Caéfsednddf:.r6aft he
boul e(ﬂGgN, GaNl & 58 ﬁlcﬁ%gﬁél?lﬂoalﬂi fé’ﬁsegi.g.f %rp-gnz%nett ﬁl%reél;é', Tall L O
od of the r ct S

t he second al ternative metho eep cryaogeni eat ment of "su rate
waf er (8) gromstramxtied Bropiysi hgtauser beat netterickd, tdakory fhg@h-cohpengutd |

and V of the periodic table of..el nt.s. Fi S bl ock di agram
Chat 1 rokdT RELOTsbes g SPUTISABRI e tistoarb TR dSalul SRyt eRTicTR
t r eat mepgstafli salRstucah & Wahes (sis apnsifdict adeds amisddigkad Sy s . cnpiRLbal
taken framcolums 11| and V of the periodic table of elenents, which uses

a capsGrECpdsieeimde fogm ¥ithigntia matakghetsrystalbing 1aétithe neans to
pronote greater nolecular uniformty in the substrate wafer(s) contained
wi t hin thelgapRliti®n, other defects, such as point defects (e.g., vacancies) also oc-

cur during the non-uniform crystallization of these materials. Regardless, by
applying a post-production deep crydgen.ic process to these paramagnetic and
diamagnetic materials, we can reorganize their molecuies into unifoi‘m struc-
tures, which have more tightened atomic bonds and so alieviate the vast major-
ity of the previouslty described defect problems. Cryogenic processing has the
added benefit of being able to change the electrical characteristics of these ma-
terials. By providing for an enhanced molecular uniformity, electrons are al-
lowed to flow more freely; thus, providing for a more efficient, cooler running,

integrated electro-optic and/or electronic component.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Still further objects and advantages will become more apparent from a
consideration of the ensuing figure descriptions and drawings. In the draw-
ings, closely related figures have the same number but different alphabetic suf-

fixes:

Fig 1 illustrates a prior-art vertical gradient freeze fabrication method
and apparatus used for growing large defect free single crystals of material

taken from columns III and V of the periodic tabie of elements.



DESCRI PTI ON OF THE | NVENTI ON-Fig 2-Preferred Enbodi ment The preferred
enbodi ment of the cryogenic method of the present invention as di agranmed
in Fig 2 conprises a cryogenic cycle that consists of: a. RAVP DOM -
Lowering the tenperature of the substrate wafer; b. SOAK - Hol ding the

t enper at W@ 2@b/133848 substrate waf er; 2008/ 153843PCTFUEPBNBPHHE931 - 8 -
c. RAMP UP - Bringing the tenperaturé back up to roomtenperature; e.
TEMPER RAMP UP - Elevating the tenperature to above anbient; f. TEMPER

HOLD - Hol qﬁiggz the Bberatiad i Nmek aliusalay (R pidferred melhied Foefiee edp
enbodi ment of ny irnvention"wll use a heliumcryostat, because the |iquid

hel i uncthegarigostertmesies ofs sabemiatel Maferrerqonssiraipd| Trom seagke fryatatny

of the single crystal material | r I ILLi@n We[ul!

el | i SR (I Yo ahaPe BsPaiar tble By 3ghbhss thelilidins

t enper a6 Y& ver @il stedidly ahtd qither niefeageinomi the. subsTrade; whiequi d ni trogen
could be used instead of the preferred liquid helium A typical cryogenic

cycle of the prefer e ' t i L ,
Y eper ot ur 07 P9 USRTROLE e S Mk L b RELNE e decr
t went ycf polgetioursatmidiitsofvepllagecs gréwerupmn yulstiouki wafamheconsbarated drom

wafer(s). There is anple reason fqr the ow own. .Think. i r of
G opp! R BICRARYAT bRRTET A, GTRR OIS dat ey any e peHBkic! Tabfe 1By
elements as the means to remove dislocation and other defects from the epilay-

ers.

Fig 4 is a block diagram that illustrates the first alternative method of
deep cryogenic treatment of single crystal boules formed using material taken
from columns III and V of the periodic table of elements as the means 1o re-

move dislocation and other defects from the boule(s).

Fig 5 is a section side-view drawing of the capsule used in the second al-
ternative method of the deep cryogenic treatment of substrate wafer(s) con-

structed from single crystal material taken from columns HI and V of the

periodic table of elements.

Fig 6 is a block diagram that illustrates the second alternative method of
the deep cryogenic treatment of substrate wafer(s) constructed from single
crystal material taken from columns III and V of the periodic table of ele-
ments, which uses a capsule to provide for a high-flux magnetic field as the
means to promote greater molecular uniformity in the substrate wafer(s) con-

tained within the capsule.
DESCRIPTION OF THE INVENTION—Fig 2—Preferred Embodiment

The preferred embodiment of the cryogenic method of the present inven-

tion as diagramed in Fig 2 comprises a cryogenic cycle that consists of:
a. RAMP DOWN — Lowering the temperature of the subsirate wafer;

b. SOAK - Holding the temperature of the substrate wafer;



The outside of the cannon ball would want to becone the same tenperature
as the liquid helium which is near 2.2 K Wiile the inside would want to
remain at roomtenperature. This sets up a tenperature gradient that is
very steep in the first nonments of exposure to the liquid helium The area
that is 3¥PaRAFEY to contract to thgafi_ze it woul d b&CGHUSPBRPH a5 col d
as the liquid helium Wile, the inside wants to stay the sane size it was
when it was roomtenperature. This can set up enornous stresses in the

surface of .t lea SUbSIF at@ringi £f thvhit @pecanrt ®adktup 6F ackinn@naperiaheresur f ace.
~ Sone alloys can take the sudden tenperature change, but nost of the netal

al | oys taken 0 ol u -V wll npot as their di Lat:l

t enper at ur s Tfaé]glpﬁéﬁ' MF@) weéy Fieygting the KRR CH® %Ogﬁégée)%\&ﬂ}ﬁkﬂ% Il hold
the tenperature at 2.2 Kelvin for sone period of tine, in the case of ny

i nvention & A@EMEEROHOLBetHeldinhdhe sleDueidigmptsagygkfoseyhd®i of the
process the tenperature is maintained at the | ow tenperature of 2.2 K
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2008/ 1 %843PCT/ 2008/ 006931 -9-. occur. The result is the precipitation
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addition,. at t.hese |.ow e uch : .
form di?‘ﬁgluén r‘r"'olrlrgﬁﬁg‘,”%v?h%@h%vjﬁy{ E%P%Aﬁgg 0 lgg'l’iﬁggqg ivne{rgt?lﬁawag@ﬁgt ic
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al | ow 1,0gfelfHed e Al R rANOE S 19k eNiibhawil0talin gnbegye ni Pedaeanee of e sub-

nol ecul es that conprise the substrate wafer. In heor% a pﬁ]f ect. crystal
éﬁ’”s}? e .
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keepi ng bstrat er at a |ow tenperature of 2.2K for a | onger

peri odramg @dwh. gFhinborie tefmshef dneppriyzoatcashonHeall antd @e‘{atc@ﬁélétmng'y
maki ng.a nore perfect and therefore, stronger, |ower defect crystalline
struct - A typical ranp up segnent brings the tenperature back up to
roomtenperature. In the case of ny invention, this wll typically be a
period of tHenvypifidaroththe sanwae balhpy epldcyank tp haremye jthp s icPBcte
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subst r ate—wafull not as their disassociation temperatures are normally very high.

A typical soak segment will hold the temperature at 2.2 Kelvin for some
period of time, in the case of my invention a period of ninety-six hours. Dur-
ing the soak segment of the process the temperature is maintained at the low
temperature of 2.2 K. Although molecular bond lengths are shortening within
the single crystal structure of the single crystal alloy at this temperature, the

change made to bond lengths is a relatively slow process and requires time to



WD 2008/ 153843PCT/ US2008/ 006931 - 10 - Fig 3-Additional Embodi nent An
addi tional enbodi ment of the deep cryogenic nmethod of ny present
invention, as diagraned in Fig 3, conprises a cryogenic cycle that
consists of: a. The growh of an epilayer (e.g., a buffer |la erﬁ) upon a
subst r at SV\aFI8ASHE ng an epitaxial greuh nethod, e. g.chﬂhSﬁ(’“é@“ et al

xi de Cheni cal Vapor Deposition" (MOCVD) or "Ml ecul ar Beam Epitaxy"
(MBE). b. RAMP DOWN - Lowering the tenperature of the epilayered wafer. c.

SOAK - oElokdi Mg etRulcitPead ticep RhtibRe BPintwtefiedr Wafore. umifoRAM dIPcalar
Bringing the tenperature back up to roomtenperature. e. TENPER RAMP UP -
E: evat shgcture faanther atloye 1o asidduienambitbate 16w tempERIESSH Al 0¥ SR 28 he
el evat te I peri.ad. t v cal gan| i he
addi 11 G Ao L R0 o PR AL, momertty ) WRLER w (I XCDRILE ANERZBEN oie
epi | ayeirednslubsignztie fafeer adoeit dohd2 towdarsea pebélidveofthanethis -groater

hours. This wil]| avoi i i .
waf er ( gl)a’.n norma amouncg (;[fht?gnncpa!nl ¥heS 282(1315Iprtlgcetsr%eal(sag'plr%)é%gsdt,i?r'ijéj%lr ?ﬁeecrys-
talline structure to react at the quantum level to the lower temperature, and
will allow for much greater amounts of vibrational energy to leave the mole-

cules that comprise the substrate wafer.

In theory a perfect crystal lattice structure is possible at its lowest energy

state; i.e., when the vibrational energy in the v = 0 state is E, =hf/2,
Moreover, by keeping the substrate wafer at a low temperature of 2.2K for a
longer period, we will get more of the energy out of the lattice; consequently
making a more perfect and therefore, stronger, lower defect crystalline struc-

ture.

A typical ramp up segment brings the temperature back up to room tem-
perature. In the case of my invention, this will typically be a period of
twenty-four hours. The ramp up cycle is very important to the process. Ramp-
ing up too fast can cause problems with the substrate wafer being treated.
Think in terms of dropping an ice cube into a glass of warm water. The ice
cube would crack. The same would happen to the subsirate wafer(s) being

processed.

A typical temper segment ramps the temperature up over a predetermined
period of time. This is done by using the same type of tempering process as
the quench and temper cycle used in a heat-treat annealing process. We ramp
up the temperature to assure the temperature gradients within the substrate wa-
fer are képt low. Typically, tempering temperatures are between 300F on up to
1100F, depending on the single crystal material the substrate wafer is con-
structed from. The temper hold segment assures the entire substrate wafer has
had the benefit of the tempering temperature. A typical temper hold time is
about 3 hours. This time depends on the material, thickness, and diameter size

of the substrate wafer.



A typical soak segment will hold the tenperature at 2.2 K for a period of.
ni nety-si x hours. During the soak segnent of the process the tenperature
is maintained at 2.2 Kelvin. Although nol ecul ar bonds are changing within
the crystal structure of the epilayered substrate wafer _at this

t enper at 0Y@2008KB8¢ changes are relatiyply slow and nedGTHSAESPE * Yecur. e
of the changes is the precipitation 'o¥ a nmuch finer, nore uniform

nol ecul ar structure. | believe that this greater than normal amount of

time i gikhe aQRlitRRG9EmpEdiméiovi de nore time for the single crystal
bonds to condense further as greater amounts of vibrational energy is

renmoved fromthe single crystal epilayer(s) and substrate wafer(s). A
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typi cal tenpegimsediedyitd aapsrohaht @eperdt ¢lge suphtas aMened €xadei Qleciniaalel
over a period of WO 2008/ 153843PCT/ US2008/ 00693]Bd- lsEl - ti’w S is
done by usi ndanee Bapesiftipde MQe¥beremgMalperias Beam Eppeaty "' quench
and tenper pCYCl frp BYPRUN N NEMerid ERle BNPAIAIIEL of the \MBiTadPe bRy AfBE:

tenperature to assure the tenperature gradients within the epilayered
substrat e waSE€r4AK) - e dieptthk dwmpesapeeiafgheerpidtvaréle¥atedn range from 300

to 1100 Fahrenheis ;.. dependi n 0 i ] il ayers
and substrgt g{m}g’daﬁrlg@h@g lrtlﬁ%'?% p?%l()tﬁ{g%ﬁgkﬁgmf%ﬁgﬁfgﬂg%%%ﬁéﬁg'assures
that the epi haMPER RULSIET BtFe—VEfesn(ing thavie nadatiwe beakdve aofbiehs
tenpering tenperature, A typical. tenper hol eriod is about 3 hours. This
tinme period- d&MAER glrpH?e_%?@H§§ggﬁﬁv?ﬁegn%f@er§f¥§ T 3 REV&S | ayer ed
substrate wafer(s). Figs 4, 5 and 6-Alternative Enbodi nents The first

al ternati ve\ eppredi nenpbgeifict heckiebyr treyedéitienatethbddheny oprmydnvention
i nventiqnp, as diagraned in Fig 4, ¢ ri ses..a.cryo ic.cyel

consi sf"’éﬂokfr:m&.thﬁiﬁ’/@pﬁfﬁwrﬁ Igw Fﬂ'gg??‘feedt %%éf%%u‘ggp%fd?%é tgu:;ﬁgtalga%vgr
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ered substrate wafer(s).

A typical soak segment will hold the temperature at 2.2 K for a period of -
ninety-six hours. During the soak segment of the process the temperature is
maintained at 2.2 Kelvin. Although molecular bonds are changing within the
crystal structure of the epilayered substrate wafer at this temperature, these
changes are relatively slow and need time to occur. Omne of the changes is the
precipitation of a much finer, more uniform, molecular structure. I believe
that this greater than normal amount of time in the soak process will provide
more time for the single crystal bonds to condense further as greater amounts
of vibrational energy is removed from the single crystal epilayer(s) and sub-

strate wafer(s).

A typical ramp up segment brings the temperature of the epilayered sub-
strate wafer back up to room temperature. In the case of the additional em-
bodiment of my invention, this can.typically take twenty-four hours. The ramp
up cycle is very important to the process. Ramping up too fast can cause prob-
lems with the epilayered substrate wafer(s) being treated. A typical temper

segment ramps the temperature up to a predetermined level over a period of



c. RAMP UP - Bringing the tenperature back up to roomtenperature. d.
TEMPER RAMP UP - Elevating the tenperature to above anbient. e. TEMPER
HOLD - Hol ding the elevated tenperature for a period. A typi cal
cryogenic cycle for the first alternative enbodi nent %Iﬁﬂ'% JoN&aL, on

brings tHEOLURAEBLt ure of the substraye wafer boule d el vin
over a period of twenty-four hours. This will avoid thermally shocking the
t he substrate wafer boul e(s). A typical soak segnment will hold the

t enper gl © Phis2is2dénd Oy asigy tipd sefmentyprt yf sémpboimpsprdressng thessdak
segment of the process the tenperature is maintai niad at 2.2 Kel vin.
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segnent_ br.ings_t he tenperat f b M, 400 to
room tgfﬁﬁ]ér tgﬂ]rrces. H %eélg%ggg%ef% f%‘g&{?{rﬁsﬁgg :(g)r ﬁg{,‘?vhglae eggié%r%ﬁ?%gfm?he

i nvent i@ petifigSteadpe taike . t We ntyyiddurehper BoldTiperivainps apooyd doiss.verlyis
inmportant to the process. Ranpi.ng up toq f.ast can.cau roblens with the
subst r St7e REFvd BEH?% $PopHieh ‘tcggggseapgAéWbﬁtE%Imztee %gpgs%)gllrlt%yn rewasrlr}:}s' t he
t enper atAdE& wilict@ya predetermned | evel over a period of time. This is
done by using the same type of tenpering process as is used in the 'quench
and tenper cycle' used in heat-treat annealing. We ranmp up the

t enper Higs d, 59 aask GreAlteernaé¢inpe Fanbodimenti ents within the substrate wafer
boul e(s) are kept |ow. Tenpering tenperatures can range from 300 to 1100
Fahr enhei t; dependi ng upon single crystal terial, the substrate wafer
boul e( s) ar@%gﬁgti‘lﬁﬁ'f'@d"f"rﬁmboﬁggl A eheried %ré’d’r%ﬁfcﬁéglpgs&{ﬁlgtpﬁeﬁe
subst r 3t g W &lridPUk &(BhghAved i@dFi her benaptikeOfa theodaitpesydlg that con-
tenperature. A typical téenper hold period Is about 3 hours. This tine

peri odstépefids on the | ength and dianeter size of the substrate wafer
boul e(s). 2. RAMP DOWN - Lowering the temperature of the substrate boule.
b. SOAK - Holding the temperature of the substrate boule.
c¢. RAMP UP - Bringing the temperature back up to room temperature.
d. TEMPER RAMP UP - Elevating the temperature to above ambient.

e. TEMPER HOLD - Holding the elevated temperature for a period.

A typical cryogenic cycle for the first alternative embodiment of my in-
vention brings the temperature of the substrate wafer boule down to 2.2 Kelvin
over a period of twenty-four hours. This will avoid thermally shocking the the

substrate wafer boule(s).

A typical soak segment will hold the temperature at 2.2 K for a period of
ninety-six hours. During the soak segment of the process the temperature is
maintained at 2.2 Kelvin. Although molecular bonds are condensing within the
crystal structure of the substrate wafer boule at this temperatare, these changes
are a relatively slow process and need time to occur. One of the changes is the
precipitation of a muoch finer, more uniform, molecuiar structure. 1 believe

that this greater than normal amount of time in the soak process will provide



The second alternative enbodi mrent of the deep cryogenic nethod of ny
present invention, as illustarted in Fig 5 uses a wafer hol ding capsul e
apparatus, which conprises a plastic tube 15 having an inner-wall dianeter
size slightly larger than the substrate wafer 18. At the bottom of tube 15
i s pl acedv@2iMBfis®ihi gh-f1ux di sk shaped magnet 16. NeXC@XPPEPdi sk of
Pyrolytic Carbon 17 having the sane dianeter size as the first nagnet 16
is placed into the tube shaped capsul e 15 above the first magnet 16. Next,

t he subsidedt e etheld ol Sculh AGRE ddRONe d Atk risic reite nPHiroh ¥t hS gCasfeoraniowkis17.
Next, a second Pyrolytic Carbon disk 19, havi n? t he sgrre di i'met er size as
& oRledss-

the fi p§tvibyatodnali enatgybemeaiased irom dhpsybsigate,wgieh ic tube 15,
above the substarte wafer 18. Next, a second high-flux di sk shaped nagnet
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can beboapeal ddckorp 40 melom teRE ST EhstT % CHef &f sthe {}ﬁt 2 t r’?at”e m-
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pl asti € shaped capsu 5 is sealed and then placed into a helium
capabl ¢ veypippocessdn, thshereseiss. VR dinpumgl @ipgie oaf ast yogedi us echibde iy ith

consists of: a. RAWP - werin t r f ul e.
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first sNALJ NV diaenthnehiify. Present invention begins by ranping
down tﬁggf‘%%eérdaﬁluﬁggg&e?ﬁe waf e?gcapsul e 15 to 2.2 Kelvin over a period
of twenty-four hours. This will avoi

d ther |l y._shockj.n e.. St J.at-
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the | ow tenperature o 5\ el vin. ) )
sures that the substrate wafer boule(s) have had the benefit of the tempering
temperature. A typical temper hold period is about 3 hours. This time period

depends on the length and diameter size of the substrate wafer boule(s).

The second alternative embodiment of the deep cryogenic method of my
present invention, as illustarted in Fig 5, uses a wafer holding capsule appara-
tus, which comprises a plastic tube 15 having an inper-wall diameter size
slightly larger than the substrate wafer 18. At the bottom of tube 15 is placed
a first high-flux disk shaped magnet 16. Next, a first disk of Pyrolytic Carbon
17 having the same diameter size as the first magnet 16 is placed into the tube
shaped capsule 15 above the first magnet 16. Next, the substrate wafer 18 is
placed upon the first Pyrolytic Carbon disk 17. Next, a second Pyrolytic
Carbon disk 19, having the same diameter size as the first Pyrolytic Carbon
disk 17, is placed into the plastic tube 15, above the substarte wafer 18. Next,
a second high-filux disk shaped magnet 20 is placed into the tube shaped
capsule 15, located above the second Pyrolytic Carbon disk 19; moreover, the

order of material/magnet segments can be repeated for a multitude of substrate

wafers.



Al t hough the bond | engths are condensing within the crystal structure of
the substrate wafer(s) 18 at this tenperature, the changes in bond | engths
change at a relatively slowrate and need tinme to occur. One of the
changes is the precipitation of a nuch finer, nore uniform nolecul ar
struct ur 8V 8AH&3subst art e waf er (s) ilg As cryogeni c PEENSEVEPWPEs are
reached for the substrate wafer capsule(s) 15, there will be an increase
in the nolecular alignnent for the dipoles nonents that will formin the
substrate Waf,gr 6$)did8rAfed N8 Hid €Clink §3bidic Abbbavhped aphuid WS HagEMEd

di sks 16 and 20 being present within the substrate wafer capsul eé(s 15. |
bel i evend thentpiasedintt erheliam papale eYSuPIOEEsSesnEhewy it MdllsBake BB ess
will provide.nore, ti far .the single crystal bonds to condense even

furt hePPRE e&P&l° gﬁm[ucn r{;Sl%) (\)/ﬁbr ational energy is removed WD

2008/ 153843PCT/ US2008/ 006931 - 14 - fromthe single crystal supstrate

waf er (s) 18. frAeldhD QiVithinL e WeT b sha FEBP IRt BFe egﬁ%‘hl"‘@(fﬂ cggsuic. A

typi cal ranp up segnent brings the tenperature back up to room

t enper at ur ¢. gakhe E@ﬁi@n?fthbhexﬁﬂerrsturaldfeﬂlﬁatvhf/e& ¢apsmiéi on this can take
about twenty-four hours. The ranp up cycle is very inportant to the

process. Ranmpj oq, f.ast_c aus | fo waf er ('s)
18 being tFﬁ@@?fﬁ%g‘?fd%‘%%ﬁe‘g‘%ﬁ@ﬁ ‘prbg_ﬁ%swt Loe}%r €{Jrr%e@rlfb to a

predeterm ned | evel over a predeternm ned period. This is done by using the
sane type of TEMPER RpMPobdss Bls viasingsdg GemReraiesct? abRye amidFtycl e in
a heat-treat annealing process. Before the ranp up process can proceed

the substrat gpabeR( OB Akoldenp\ad o sviret tenirieruredpsy péspdls and
pl aced into a furnace |like the one described in the docunent entitled

“Vertical Access Zero Boiloff Ranpable Superconducti ‘r;)% Magnet Systemw th
Hori zont al AFitepital @rySeemiconyiciet tyr GreySrs alGeowiive embodimgnbyoiHng prgin,

S.J. Choi,, HJ.. Ki H H. Han, .B. Par : ' : n,

C i werReineRH TR ps by PO o VLl PPl of s, afPr céeful 430,
Appl i egy SuperepNdUst vkt YeiGoaf ef encacpdbdr invuldousThis wik. avoid Wbengaly
furnace equi pped with a superconducti ng magnet,,. we ra up the te rat ure
to asstheckipg i%ﬁépé‘tfﬁﬁfe_e“ﬁ’rf&&{sénijg W“c_qm‘ﬁ" Wét%lpna}eew&fﬁgtcaﬁpsgtﬁgyﬁﬁ'e
waf er ( %& 1811 il £ s b he sBh Al nTegneti A df inel @ sfdrangiehst mow ded dapsuhe1s
superco gUCtI ng magnet iS used to maintain nolecular alignnment during the
ranp upt @nhdativig forocays-datenpenedparedheitathe sasqit) thedist ralbHebde to
1100F; depending ypap . i.ngl rystal.: i LR SOy CtDhdhe
subst 1 SEDAAPEN (5118 thVEnpRT e SokE e G ML e e s

t hat t g @htisoakssdmheat of whieep{ejestSthieat: et ates e medintaiofdt diethee hper i ng

tenperature. A tygi cgl tenper hold time is about 3 hours, where the hold
time p&STBEFUBFeRiL tf5H e thi ckness and dianeter size of the substrate

wafer(s) 18. WD 2008/ 153843PCT/ US2008/ 006931 )
Although the bond lengths are condensing within the crystal structure of

the substrate wafer(s) 18 at this temperature, the changes in bond lengths
change at a relatively slow rate and need time to occur. One of the changes is
the precipitation of a much finer, more uniform, molecular structure for the
substarte wafer(s) 18. As cryogenic temperatures are reached for the substrate
wafer capsule(s) 15, there will be an increase in the molecular alignment for
the dipoles moments that will form in the substrate wafer(s) 18 as the direct
result of having high-flux magnet disks 16 and 20 being present within the
substrate wafer capsule(s) 15. 1 believe that this greater than normal amount
of time for the soak process will provide more time for the single crystal bonds

to condense even further as greater amounts of vibrational encrgy is removed



- 15 - Advant ages From t he above paragraphs, which describe the
additional and alternative enbodi nents of ny invention, several objects
and advant ages of the present invention are nmade apparent as: (a) to
provi de for epilayers and epil ayered substrate wafer(s) conprising colum
| 11-V corfpoamesssimt are free from point, dislocation, C&H@%WW;‘ ef ect s;
(b) to provide for larger dianeter si ées"(e_.g., 10- to 12-inches) for
single crystal boules of colum I11-V conpounds that are free from point,

di sl oc@fd@nnecMd R BeystdEbBRFate wafed(8) 180pMsent datiiar thanseipnartat wafand
met hod that is uSed to enhance the degree of nolecular alignnment nmade to

occur kepswleésndbe crystal substrate wafer(s) forned using colum 111-V
conpounds as construction material. Operation In order to understand

the operatign 9ﬁcafWrdrﬂ;IYQﬂi E&Pmkht Dri M@0 (i anémperdtnes tackeup ftacteomeagar-di ng
single crystaP' materials and their defects; e.g., single cr%;éta terials
typi calbeyathage dnveey cpegypfathatloniicaLEFRAU R dNYCRHER s ¢4 tAgRafPOU
posi ti _tbREmouR OB AR Ele {O0vERCTMPENSHt 36 €hé PRB8EAD Rlanifie
at om c?gggﬁte.fgqﬁgogﬁ'ugﬁlfkﬁlngrﬁggerrerft s@@fC tﬁese at ons ??e nor mal | ylh
cal | eding ygt ado [fastt care cstsaiprabbans 4nd thhsiubstatrlywaisr(sal 1% eing treated.

crystal ] ography. However, singl.e I rials . f -
that |4 REATUsmagr pEAEP afieR Uk EEUPh AR 1S pR Gl BT 180
cryst alpvdefaepictictdangrRd pefied! SThiz andeddbyadisg thetsame type uf tedppring
consi dered dislocation | oops. Non-uniform m)ll ecul 3{3 structure afli . e.
cryst alPsgFeyhit 1HasedB)2 ABEREH AP0 RELEY (IR B NGRE BT Y Y BB BF & ur e
crystalkographic growth and/or deposition. In materials science, a
dislocation is a crystall ographic defect, or irregularity, within a
crystal lattice zélr ucture. The presence of dﬂ'.sl ocat.ions Sk

€

|
i nfl uences LI R UBCPFSHSE H PROTHLY P BpEF ¢y oéﬂggz}?é are re-

moved from the wafer capsule(s) 15 and placed into a furnace like the one de-
scribed in the document entitled “Vertical Access Zero Boiloff Rampabie Su-
perconducting Magnet System with Horizontal Field for Semiconductor Crystal
Growth,” written by H.B. Jin, S.J. Choi, H.J. Kim, H.H. Han, B.S. Park, B.G.
Lee, K.D. Sim, Y.K. Kwon, C.H. Winter, and D. Healey, and published in the
proceedings of the 2002 Applied Superconductivity Conference held in Hous-
ton, TX.

Using a furnace equipped with a superconducting magnet, we ramp up the
temperature to assure the temperature gradients within the single crystal sub-
strate wafer(s) 18, while the high magnetic field strengths provided by the su-
perconducting magnet is used to maintain molecular alignment during the ramp
up annealing process. Tempering temperatures will range from 300°F to
1100°F; depending upon the single crystal material used to construct the sub-

strate wafer(s) 18.

in addition, the temper hold segment assures that the entire substrate wa-
fer(s) 18 has had the benefit of the tempering temperature. A typical temper
hold time is about 3 hours, where the hold time period depends upon the thick-

ness and diameter size of the substrate wafer(s) 18.



WO 2008/ 153843PCT/ 17S2008/ 006931 - 16 - crystal materials. Mdern
crystal |l ography dislocation theory was originally devel oped by Vito
Volterra in 1905. In it Volterra explains that dislocations can be
vi sual i sed as being caused by the term nation of a plane of atons in the
mddl e ofWR2WBHBEH | attice. In such accase, the surrdGidPAYBI%dres are
not straight, but instead bend around ghe edge of the term nating plane so
that the crystal structure is perfectly ordered on either side. The

anal ogy d4shffakést hat of a stack of paper; wherein, half a piece of paper
is located inthe stack of paper, and that the defect in the stack is only
noti ceable at the edge of the half sheet. Further, there are two

primary tyfFesmofhaliabbee gtdrepraphsstwhichgdeptrike dog additional) angalternative

O A AR A T R SR R

i nt er mpgh atgo b ateveaitid Apsarentiishemati cal |y, dislocations are a type of
t opol ogi cal defect, sonetines called a soliton by those versed in the art.

Mat hemat i cal | t heory. furt her .expl ai L Sl40 i
particles ?a% (&P rio)s(”{h?i) f‘s”éf,mfﬂ%;gca%? %@M%g%/%g g oéut? mmﬁ??%\(rgr)alagt ir?lgiqhg
their cdanhhtMIas ddppounde.thihene tfwee dirohogainondisbécadpposané wheerdeat i on
are brought together they can cancel each other (this is known as the
proces&edf;: anni hil ation); noreover, there is no way a single dislocation
can 'di sappear' on its own. Furthernore, a dislocation can be

vi sual i zed (by t6ytroiviige doc i yegeal dialmmgr ai psaflegantl-sia garimrheae fhalsinglér oss

the other b tt] tor.. The hal i 1| T t get her it hout
| cavi ngrestabpeeles of E81REnEt o Eo g Biuh e s FRS ARAF SRl P

the boypdadityePlietdascut wll | eave a defect, distorting the nearby
| attice. This boundary is the line of the dislocation; the direction of

the slipis,called th ur ger D i ar ed
by t he. angt €90t BRI Tndotrd) SRHFTRS 1. Pelfel| BAE AR LP ISR AL e
speci aljespse ofofnI0Ouandal@nareat kmadn &s wdge Bmdassinghe dirysodasulyisate
Further, the dislocations prese kn r eal cr%stal | i ﬂre g.ol i ds ar e general ly
m xed MEaTRES) fREMEEJdngcol ppdini iy K OmPRRNGS A% Lo RSHECEL 1A 4T s cat | ons
depend on the lattice structure of the crystal. The Burgers vector for an

edge W)eeraQ% 153843PCTM52008/ 006931 - 17 - dislocation is perpendicul ar
to the Sl"ocation line in the case of the edge, and parallel to it in the

case of the screw. In nmetallic materials, the Burgers vector is aligned
with cl ose-ipaskes €& yisd@drkographe copirerin efismanthidmiomgnist imgorsnt to
equi valent to one interatomc spaci n% . . .
know a few facts regarding single crystal materials and their defects; e.g.,
single crystal materials typically have a very regular atomic structure - that is,
the local positions of their atoms with respect to each other are repeated at the
atomic scale. The structural arrangements of these atoms are normally called

crystal lattice structures, and their study is called crystallography.

However, single crystal materials are not perfect - that is, the regular
pattern of atomic arrangement is interrupted by crystal defects. Larger defects
in an ordered structure are usually considered dislocation loops. Non-uniform
molecular structure (i.e., crystalographic defects) normally forms as the result

of high-temperature crystaliographic growth and/or deposition.

In materials science, a dislocation is a crystallographic defect, or
irregularity, within a crystal lattice structure. The presence of dislocations

strongly influences many of the electronic and modulus properties of real



Al ternatively, edge dislocations can be visualised as being forned by
adding an extra half-plane of atons to a perfect crystal, so that a defect
is created in the regular crystal structure along the Iine where the extra
hal f - pl ane ends. Such visualisations can be difficult to interpret.

| nitial | Y¥O240828384%e hel pful to fol | oy the process of Pgifﬂﬁﬁqﬂ?/f’@gifli on

I nvolved in arriving at such represe_nﬁvgt_i ons. One approach is to
begin by considering a 3-d representation of a perfect crystal lattice,

Wi th t ey GhPTRafRA16S eM Sl Y copitalIegrapity tdifTocativhm thesSr way otipdnaHyart
to sinplify the representation by visualising planes_of a%oms .instead of

t he at desekopsdsby vése NelEsiein W-stlﬂegsgﬁ@é{?séﬂpwnérf algdsipcefi9ast i on

are conpl ex due Lts i r S r : -
2 TR S Sl S Pl
(X2 - yRdile ofYa2dmysialldattic2. + 2 sheh-x(ce@e, the)sw@ryqunding plangs Rpe Mgl )

2 where p.is the shear dyl us of the terial, b is_t rs ,
i's Poi 84@HER, DAY, 1BsLeas ggﬁatfrﬁuﬁfletth@o ér%r ﬁ’gttgg e é%%“ggdgg f'gﬁsg %h\l;aggttgg av
verticglyyaPkiaRtet dIpbPRICkybraére@sspeisibrm adadi Tyetdrealdps|weat isothatwi t h

conpression experienced by the atons near the 'extra' plane, and tension
experi efcedtank PRAAPCAL FTRCTE &R hfi]ffea-Qﬁeggiq]tgpab?%h%iocgteﬁs& é&? stack of

di sl oc td ens EriPfe Glilh GHlthetQaVk SV ¢ SrotRidabt@ At Re GARSI sefiRdhal

bei ng %obmédﬁ'ﬁc{/ t%g I nsertion 019 a ' parKki ng garage ranp' st;gucture t hat
ext endshé¢ex.t he ' edges of the garage' into an otherw se perfectly |ayered

Further, there are two primary types of dislocation crystallographic

defects: 1.) the edge-dislocation and 2.) the screw-disliocation, with mixed

dislocations (i.e., equally comprising of both edge and screw dislocations)

being intermediate between these. Mathematically, dislocations are a type of

topological defect, sometimes called a soliton by those versed in the art.

Mathematical theory further explains why dislocations behave as stable
particles - that is to say, they can be moved about, while maintaining their
identity as they move. When two dislocations of opposite orientation are
brought together they can cancel each other (this is known as the process of
annihilation); moreover, there is no way a single dislocation can ‘disappear’

on i1ts own.

Furthermore, a dislocation can be visualized by cutting a crystal along a
plane and slipping one half across the other by a lattice vector. The halves
will fit back together without leaving a defect. But if the cut only goes part
way though the crystal, the boundary of the cut will leave a defect, distorting
the nearby lattice. This boundary is the line of the dislocation; the direction
of the slip is called the Burgers vector. Dislocations are normally ‘labeled by
the angle between the dislocation line and the Burgers vector. The special

cases of 90° and 0° are known as edge and screw dislocations.

Further, the dislocations present in real crystalline solids are generally
mixed rather than edge or screw; thus, the actual angles of dislocations depend

on the lattice structure of the crystal. The Burgers vector for an edge



WO 2008/ 153843PCT/ US2008/ 006931 - 18 - structure. Basically it conprises
structure in which a helical path is traced around the |inear defect
(i.e., the dislocation line) by the atomc planes in the crystal lattice.
Despite the difficulty in visualization, the stresses _caused ba/ a screw
di sl ocat (%@ 28a538¢5s conpl ex than tho ?rmca)f an edge di I ENPFhese
stresses need only one equation, as "53 retry allows only one radial
coordinate to be used, which is shown below as Thub T - r 2zr where p is

the shgafoeRdBhus Mdrpkhidihetbahe disictalifth Buedier thevesibf thadkdgei and
radi al coordinate. This equation suggests a |long cylinder of stress

radi at ipateloelt waitdin fontaseeotyhe saedW ardd MEEbgsTatenIRlSH tBF JUSEES YRF¥se
note, this. sinple, mo r S.J j bk At 3 1,86 lhemGohRuat ishe
i st ocdt roEat Pl A S EIRREY SARAT AT, dirdioh Wil fnEghaneh
core okqubeidhstooaki@neratomi¥pacingli sl ocation line intersects the
surface of a metallic material (e.g., GaAs, InP, InAs, GaP, and/or GaN),
the associ afgd b A1 féaged di Ol %k NEL S AFES iR S& ald eisySRRddDiply! ty
of the matérial to etehi g and an etch pit of regular geonetrtical fornmat
resul t addfig sinexplai halfaplanchef prtodisc td on peafast, coshek eyn that dcdafesd is
formed in these terials usin rey-scal.e_ l|ithogr f t :
mcr osEB‘fﬂtEQs’c“r d Fu'?eéui?? ﬁféﬂf)ﬁagn%{ %mf%ralginﬁgpge g}%g%l%er%a%}geﬂlg{tgfshgé as
GaAs. biagdentBt esiigh visuslisaioed ceh. e diffefrt medintangret epbatiadlyy it can
re-etched, a series of etch pits can be Pfr,oduced,' V\,pi c&w.can effecti velhy
trace brehsipfebatiobov Hbe Rroretnl AmMPiERILeT dAYOIVed 1 AMEHIRE; 3 F1C
el ectr ] can al so be used to observe dislocations within the
m cr os??%’f:gtsg?gﬁg@%i ngle crystal materials. Wereby, thin foils of
nmetallic sanpples are prepared.t ender, t hem t3r nspar ent i.o thﬁael eeLr.on
) y RHe

beam of t hé?M§ @PBERYHHEL 1S ’ﬁﬁé’e@l‘%gﬁ SR ISP 1P s RF T HREEN°

ion
regul ar G ltidatwihernR! Avess eépleclentert Bl spherss. afarting, dhé freadeigmay
rel ative angles between the beamand the lattice planes of each grain

| ocat edhém st4ré toetimplsfintles seprasentation dyuysuphsinggdanenpf gEpmg ingtead
contragt-gyLhat, %Cﬁ%rrﬁs&ggwe%o%ﬂé}? tRE sdidskel eahs &l lﬁﬁ'té’d kagt albideation
orientation). The 1%€ss regular atomic structures of the grarn boundaries
and i narbeosiplaknidd eb ds arhewadt asymmetry and is described by three equations,

which are shown below as

o = —ub y(3x2+y2)
= 27[(1_V) (x2+y2)2

—up y(x*-y?)

o, = 2
> 272'(1—1/) (x2+y2)
—ub_ x(x*-y")

o T on(l-v) (2 +y*)

where p is the shear modulus of the material, b is the Burgers vector, v is
Poisson's ratio and x and y are coordinates. These equations suggest a
vertically oriented dumbbell of stresses surrounding the dislocation, with
compression experienced by the atoms near the ‘extra’ plane, and tension

experienced by those atoms near the ‘missing’ plane.

Screw dislocations are more difficult to visualize, but can be considered
as being formed by the insertion of a ‘parking garage ramp’ structure that

extends to the ‘edges of the garage’ into an otherwise perfectly layered



WD 2008/ 153843PCT/ US2008/ 006931 - 19 - dislocation |lines have different
diffractive properties than the regular lattice |lines occuring wthin the
grains and therefore, present different contrast effects in the electron
m crographs. Dislocations are normally seen as dark lines in the lighter,
central , W@@#8[A58#3 a ni crogr aph. ) ga_nsm’ ssion el e3R8 aphs of
di slocations typically utilize magnifications of 50,000 to 300,000 tines
(though the equiprment itself offers a wi der range of nagnifications than

this). sﬁﬁ%ﬂ@.cm?@a@ﬁs iaksmMesdy b difectufe Shiwhh@ati mgiandpenh tetacedt i on
of sanples; thereby, permtting the direct observatjon of di Sll ocat.i Op]
noveneatownd thhdinear efeac(i-onsthepiisdeeatnon dingihy the LABadIarFset ¢ nage

contrast_exhihited i.sl @, ; t hixckness
ot nochetal 1A s PsBlR MU BE DR BRthe (LAY, CltRel B
cannot sefdy Wit hicatiwncaystiads cohmpdex ahdinsthosat obancetgomiglasetioant dihesd
within a crystal ,as . a conplete |oop. Additi onal ‘1 i .

mi cr osEHEYSEsapeed QP%OBF%M{%I'% BT é’?lor‘rvest ?l%faé’o%? r%&i)a udcolqﬁgu}riﬁgh

hi gher (sm@nidddacaihieRsSis(dhdtva beYPweal |y 3 nillion times and above) and
permt the observation of dislocations at an atomc |evel. Were surface
relief can be resolved to the | evel of an atom c step, screw dislocations
appear as d%szti_—_#ﬁtive spiral features; thus, revealing an inportant
mechani sm of” cpystal grow h, where there is a surface step, atons can nore
easily add to the crystal, and the surface step associated with a screw

di sl ocation is never destroyed no matter. how. tons_ar d s By
cont r adthergpaly theopbgaroBedelys fy éPBéE%tﬁﬁaqw\ﬁ@/ilgﬁﬂ%ésﬁ%r(ﬁer%pgﬁ)%f%g}%erfl%ra t he
obser val i QordifdiecatigdequerAlsegktstsydileak| yyloidar sf magensf rattiiags up
to a maxi mum of onla around q2000 times. After chem cal e&)ghi ng, small. pits
are foomtdardtfeem the etlitdery ag6] dEPtHrsSRSI WHENAIIPRGE at £ARAE PR s

hi ghl y %Bg&; %f}oc!icq%%%tghng%ﬁ)lmﬂnti&evgiﬁ pSatHORSre SPURe dibRdatRGeaf abur es

i ndi caf€ s at sl ocations intercept the sanple surface. In
this wayd sti &liscatliyovedid fiosiskiesees ofityidexdnipeecorenf the dlsdesatéer ndirect!y
using an interference m croscope, where crystal orientation can be :

det er m ned Vbxeémedﬁs%@@ieﬁ [hhe i et Qaatihens bser ¥ed metdlic HAleribe{ag.,
elliptical, and 111 - being pyram dal). WD 2008/ 153843PCT/ US20081006931 -
20 - GaAwn dd@it iohs, dbsPocand/on dexl¥)t yihpn assorietad attraidn Held nocaliyed

via pl ?‘gélie%sgse}ctgént% z;t?\rf]e %%s&@l?ti{)ﬁuyowf r{gerlﬁla?ér!iﬁnrcdﬁ'icpcl{in@ Q{H-?an etch pit
of regular geoﬁletrical format results. This explains why the production (e.g.,
coherent structures formed in these materials using grey-scale lithography) of
coherent microscopic structure is problematic for single crystal materials such
as GaAs. If the material is strained (i.e., deformed) and repeatedly re-etched,

a series of etch pits can be produced, which can effectively trace the movement

of the dislocation in question.

Transmission electron microscopy can also be used to observe
dislocations within the microstructure of single crystal materials. Whereby,
thin foils of metallic samples are prepared to render them transparent to the
electron beam of the microscope. The electron beam suffers diffraction by the
regular crystal lattice planes of the metal atoms and the differing relative
angles between the beam and the lattice planes of each grain located in the
metal's microstructure result in image contrast (i.e., contrasts that occurs
between grains of different crystallographic orientation). The less regular

atomic structures of the graim boundaries and in the strain fields around



Since the dislocation density increases with plastic deformation, a
mechani sm for the creation of dislocations nust be activated in the
material. Three nmechani sns for dislocation fornmation are fornmed by
honbgeneous nucl eati on, by grain boundary initiation, and by the interface
that occO¥@266fi58¢h the |attice and sypface, precipi t ZCETS2P8HE s ed
phases, and/or reinforcing fibers. The“creation. of a dislocation by
honbgeneous nucleation is a result of the rupture of the atom c bonds

al ong ais‘hl'oEﬁtin tihes bkl efféfmd- difheRtividpidieriicddifanothé regabdr batice
allows the bar to be bent at a | ocati on where the nunber of dislocations
has beémegr eatisinguwiithin etdip. grainshand ghprefpee.i Presrnic djficapnt £NERSY s
sheared,.resulting {n.two i f i cati .

| nt er egﬁ"ﬁgﬁ g -gthr?egieecéf%’f orggc??%# c%n %@gcg\%és glrr%ﬁé‘g “gt%eﬂ(r?i ?%r%ﬁgh
the | atide8dn tBengehitemogenabus:givalofat imdrrégraph. di sl ocations from perfect
crystals and requires the simultaneous breaking of many bonds, the energy
required f glrahgx%)&ei\gﬁ()lgewske%icg‘%g!ﬁpﬂser ¥t hiloc bk NSy pRGELY hEtisizkess
required for Hom)geneous nucl eation™i n copper has been shown to be rmn -
7. 4x10n2agrhi€icatiGnis soft 56,G0eas IAIODOstimkes dobpegh the eguapmegs|ivialf oféers
rho., we see that the required stress, i.s, 3.4 _CPa,. whj 1.S.ner to
the t h@oW&{§IcEAES: ?Et’i‘batgrfﬂg‘fcaﬂ?élsc é’t&l?)‘Thsée%rné? %‘?le(:%%ér:lgl)(:édsn%lesﬁt %Iﬁ%]ﬁst%e

def or maf iQn, REANGENERMH: BEIAalti ON JfeganpRs ; aheesly Cpanaitting et stirass,
and is normally unlikely to occur. Gain houndary initiat] fn and | n%erface
i nt er aobisory aian @br & SEARNN JBRAYLBEPHRNG] 9%’6&??%?\5{.10“3' *) ¢gul S ks at

the graypn &%‘:‘?&‘%Hs‘?ﬁc iiﬂxa§E“9$§tr9£y%&ﬁhbiH@a%' i §102a0 ol Oiegeadlitabpc@ddsons,
whi ch propagate into the“crystalite grain. The steps and | edges at the
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t he nurdasilyofaddi sbockd | onsstel eandd tharheudRpelestedy associased h&idyrg ot e ¥

the metal . in tension because t 0 ihtgqthe lattice,
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surface, stens G54 bF difihddhs" 8236ud idiiesAY fHB8rs magnifications up to

a maximum of only around 2000 times. After chemical etching, small pits are
formed, where the etching solution preferentially attacks the more highly
strained material around the dislocations. Thus, the image features indicate
points at which dislocations intercept the sample surface. In this way,
dislocations in silicon, for example, can be observed indirectly using an
interference microscope, where crystal orientation can be determined by the

shape of the disiocation observed (e.g., 100 — being elliptical, and 111 - being
pyramidal}.



Until the 1930s, one of the enduring challenges of materials science was
to explain plasticity in mcroscopic terns. A naive attenpt to cal cul ate
the shear stress at, which nei ghbouring atom c planes slip over each other
in a perfect crystal suggests that, for a materi al vvlk,g [ %ul us G
shear st MEAZUB13843 5 given approxi ma%gl_y by 27r T?ﬁ%@?’”@ ulus in
~nmetals is typically wwthin the range , 000 to 150,000 MPa, this is
difficult to reconcile with shear stresses in the range 0.5 to 10 MPa
observed t gnpiddivics, pliakidaticdetionsayiiana imaexjpérdanebe Snctanstd3via pgenic
Orowan, M chael Pol anyi and G 1. Taylor, roughly sinmultaneously, WO
2008/ 1988ormetipudyody tibowing rolrtionsdipi sed that plastic deformation
could be explained in terns of the theory of dislocations. Dislocations
can nove if, hhﬁl/atoms fromone of the surrounding planes break their bonds
and rebond wth the atons at the term nating edge. Even a sinple nodel of
the force required to nove a dislocation shows that shear is possible at
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accumul ati on of pinned dislocations and the grain structure fornmed at high

st rai ndaeghechdopenoved by appropriate heat treatnent (annealing), which

pronotes the recovery and subsequent recrystallisation of the material.

Di sl ocat i onst&@aBtidlglp, tHeskl @Resc adhAicahngobet hwindrdinstadatotber ambughe

Burgers Vector. For a screw di sl ocat icgn, .the_dislocation and_.t he Burf%ers

vect or the dagreal | Since hameseRerbr AUDRtHAY QT SR onInE O RS T hg

the di ¢hoGaid Qg EQ(@U Bs eqigesfhalaaabh®Mbrealken dlicH @Ay GonARJ theeeRegger s
u

vector afre perpendi ar, so there is only one plane in which the
di sl ocatqoiredafors hiopnogEmsioa si Bualeasiarerinat $We higlehahios mitstang s |the at ot

i . fund | | i ff : IS di sl i
{Tgt Irrgcée%ﬂﬁc&%?th‘%m%’g%{e&u;érnlgl?élﬁtaEl%rp & E%’Pg(%xhﬁﬁs Bla!el?‘gfiio?cr@_ ffige dislocation

Its's nown as ocatl on

Tuom — 7 4%107
G

where G is the shear modulus of copper (46 GPa). Solving for tpom, We see
that the required stress is 3.4 GPa, which 1s very close to the theoretical
strength of the crystal. Therefore, in conventional deformation homogeneous,
nucleation requires a very concentrated stress, and is normally unlikely to

occur. Grain boundary initiation and interface interaction are more common

sources of dislocations.

Irregularities at the grain boundaries in single crystal materials can
produce distocations, which propagate into the crystalite grain. The steps and

iedges at the grain boundary are an important source of dislocations in the



WD 2008/ 153843PCT/ US2008/ 006931 - 23 - Di sl ocation clinb allows an
edge dislocation to nove perpendicular to its slip plane. The driving
force for dislocation clinb is the novenent of vacancies through a crystal
| attice. |If a vacancy noves next to the boundary of t f plane
of at ons WRABANPHE an edge di sl ocati_czp,_the atomin &ﬁgﬁﬁé‘f"?’%ﬁ@%e

cl osest to the vacancy can 'junp' and fill the vacancy. This atom shift
"moves' the vacancy in line with the half plane of atonms, causing a shift,
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to explain plasticity in microscopic terms. A naive attempt to calculate the
shear stress at, which neighbouring atomic planes slip over each other in a
perfect crystal suggests that, for a material with shear modulus G, shear

strength 1, is given approximately by

As shear modulus in metals is typically within the range 20,000 to
150,000 MPa, this is difficult to reconcile with shear stresses in the range 0.5
to 10 MPa observed to produce plastic deformation in experiments. In 1934,

Egon Orowan, Michael Polanyi and G. I. Taylor, roughly simultaneously,



Conclutions, Ramfications, and Scope The present invention provides
for an inexpensive neans to create sem conductor substrate wafers,

sem conguctor epi | ayers, sem conductor substrate boul es, and ot her

sem conductor structures that are |arger, stronger, an | r free

f rom poi O 2¢4eatity, dislocation, and,sther crygt al | od’%&ﬁﬁ%@gfg‘se"?%ct s. 25
CLAIMS: 1. A nmethod for elimnating de?ects fromsingle crystal material,
conprising the follow ng steps: a ranp-down of tenperature for a single
Cryst ale AT &S kidde pladiic agfdrition fdousd bk phiiné@ipereatusr ef tky gheonerfa
first period down to a second tenperature |evel sufficiept,to renmov
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material’s absolute melting temperature Tp; i.e., typically less than 0.3 Ty) the
dislocation density increases due to the formation of new dislocations and
dislocation multiplication. The consequent increasing overlap between the
strain fields of adjacent dislocations gradually increases the resistance to
further dislocation motion. This causes a hardening of the metal as
deformation progresses. This effect is known as strain hardening (sometimes

called ‘work hardening’).

Tangles of dislocations are found at the early stage of deformation and
appear as non well-defined boundaries; thus, the process of dynamic recovery
jeads eventually to the formation of a cellular structure containing boundaries
with misorientation lower than 15° (i.e., low angle grain boundaries). The
effects of strain hardening by accumulation of pinned dislocations and the
grain structure formed at high strain can be removed by appropriate heat
treatment (annealing), which promotes the recovery and subsequent

recrystallisation of the material.

Dislocations can slip in planes containing both the dislocation and the
Burgers Vector. For a screw dislocation, the dislocation and the Burgers
vector are parallel, so the dislocation may slip ir any plane containing the
dislocation. For an edge dislocation, the dislocation and the Burgers vector
are perpendicular, so there is only one plane in which the dislocation can slip.
There is an alternative mechanism of dislocation motion, fundamentally
different from slip, that allows an edge disiocation to move out of its slip

plane, known as dislocation climb.



tenperature of the single crystal material at the above anbi ent
tenperature |level for a tenper period. 6The nethod according to at | east
one of the preceding clains, wherein ranp-down step further conprises the
step of ranping down the tenperature of the single crystal material using
a hel i umwOQe8Isa843 7. The net hod accorging to at | eastPCEAS2WPOURAY ¢l ains 1
to 6, wherein ranp-down step further” & nprises the step of ranpi ng down
the tenperature of the single crystal material using a nitrogen cryostat

8. The et Fﬁ?ﬁsé@é%t@&ﬁ“c?ﬁgfﬁal%wé %%Séd@é‘ﬁi&ﬁcﬁ@@n Rbe68dE Nk rpbAliTGular to its

conpri si ng ep o acing said single crystal wafer into a wafer
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the extra half plane of atoms that forms an edge dislocation, the atom in the
half plane closest to the vacancy can ‘jump’ and fill the vacancy. This atom
shift *moves’ the vacancy in line with the half plane of atoms, causing a shift,
or positive climb, of the dislocation. The process of a vacancy being absorbed
at the boundary of a half plane of atoms, rather than created, is known as
negative climb. Since dislocation c¢limb results from individual atoms

‘jumping’ into vacancies, climb occurs in single atom diameter increments.

During positive climb, the crystal shrinks in the direction perpendicular
to the extra half plane of atoms because atoms are being removed from the half
plane. Since negative climb involves an addition of atoms to the half plane,
the crystal grows in the direction perpendicular to the half plane, Therefore,
compressive stress in the direction perpendicular to the half plane promotes
positive climb, while tensile stress promotes negative climb. This is one main
difference between slip and climb, since slip is caused by only shear stress.
One additional difference between dislocation slip and c¢limb 1is the
temperature dependence. Climb occurs much more rapidly at high temperatures
than low temperatures due to an increase in vacancy motion. Slip, on the other

hand, has only a small dependence on temperature.

It should be obvious to the reader that crystallographic defects can be
moved about, sometimes, even annihilated. The reason behind this movement
lies in the fact that during high temperature crystallization, single crystal
materials, such as Si, Ge, GaAs, InP, GaN, GaP, InAs, form crystallographic
planes (i.e., being stacked plane upon plane) that are connected (i.e., one plane
to another) via weak Van der Waal bonds. This explains why slipping occurs

between these crystallographic planes.

However, when a single crystal material is treated with a temperature that
ranges from 77K to 2.2K the weak Van der Waal bonds connecting its

crystallographic planes become greatly condensed (i.e., shortened), thereby



a first high flux di sk shaped magnet |ocated at bottom of the plastic

t ube; a first and second pyrolytic carbon di sk having the sane
di aneter size as the first nmagnet, wherein the first pyrolytic carbon disk
is placed into the tube above the first high-flux disk shaged rragnet,

wher ei n WR20BRERE crystal wafer is sandwi ched bet weeXCEAB2IPPYPSIand
second pyrolytic carbon disk, and a’s $ond hi gh-fl ux di sk shaped magnet

pl aced into the tube above the second pyrolytic carbon disk; and

compri fldidaling. 555@ cabrEATBIBUL OB ohRE thelToehMillifle Qhrdneh rialben £vivs! al
wafer troma first tenperature level to a cryogenic tenperature |evel over
a ranpndomallperisedyediol streagly spmgleat angéonlonggfraplacatlpobapés within said
waf er hol di ng capsul e apparatus; and ranping up the tenperature of said
singl e crystal gl &fict il LBemS KOSEMpSi skETRBIALHY Ral ukbribd haveecesdd

anbi ent tenperature level over a‘ranp up perrod.. 9. An apparatus used for
el i ni natringurdeftbat safirmmeilugoascroystpain @htase mal cogricdedPyar spgws (e,
conpri sing.,a Gryost which is r e r 3 t : of a
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10. The apparatus of claim9, further conprising a cryostat used to

mai nt ai, t he,.t 2 . th i crystal material at the cryogenic
terrpergbl?rcésf'g\%g})i{%b%@%%fgl'(lrsbgrn?ogg% t'Eer the ranp-down step and prior to
the ranp-up step. 11. The apparatus of claim9 or 10, wherein the cryostat
used to ramredoyRsthe inSRREIcAt Wevoded hidrsianglieecpyistiat metaawsi ab wseste
helium 12. The apparatus of claim9 or, 10,. wherein.the cryost.at ysed to
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)z/md altogether free from point, vacancy, dislocation, and other crystallographic

defects.



heating el enent, which is used to ranp up the tenperature of the single
crystal material to a tenperature | evel above anbient; and is used to hold
said tenperature of the single crystal material at the above amnbi ent
tenperature level for a tenper period. 27 14.The apparatus according to
at least one of the clains 9 to 13, nprising a wafer holding capsule
apparatus for holding said single crystal wafer, wherein said wafer
hol di ng capsul e apparatus conprises: a tube having an inner-wall dianeter
size slightly |larger than the single crystal wafer; a first high flux disk
shapg%AWﬁ het | ocated at bottom of the plastic tube; ' a first and
second pyrolytic carbon disk having the sane dianeter size as the first

magnt wherejn the firs tic ca ond kIS | aced.intg t t ube
Toove: & heRmetpa e A el Rek S e et Sl SRt et Rl 0
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and a secon u i sk sha gnet pace into t tueaovete
Second pyRODEA STEFBHE deel oahg et period” siE e PR (i BORTE HEve

t enper at ugiciéntttbeesbig brl@sfm )lﬂsfe&’[s wBler rafrrpjlﬁp af tbnfp&taén;@rme&@ yﬁ@glc@e@s to
acryogenlcte erafure |evel over a yanp down perio id sin
cryst b WERLEa] JOTOLE: SRPfy AT (PCr RSP Badhh faratond and
ranpi ng umb.bﬁtfbmmfm@{eure of said single crystal wafer fromthe cryogenic

tenperature level to a second anbient tenperature |evel over a ranp up
period. 15. A systemfor elimnating defects fromsingle crystal materi al

accog di ngThe nidtigodTet Bakh af father comprising maintaining the temperature of said single.
crystal material at the first temperature Ievel for a soak period after the ramp-down step

and prior to the ramp-up step.

3. The method of claim 1 or 2, wherem ramp-down step comprises ramp!ng down the

temperature of the s:ngie crystal material using a cryostat.

4. The method according to at least one of the claims 1 to 3, further comprising, after the
ramp-up siep, elevating the'temperature of the single crystal material to a temperature

level above ambieni.

5. The method of claim 4, further comprising, after the elevating step, holding the
temperature of the single crystal material at the above ambient temperature level for a

temper period.

6. The method according to at least one of the preceding claims, wherein ramp-down step
further comprises the step of ramping down the femperature of the singie crystal material

using a helium cryostat.

7. The method according to at least one of the claims 1 to 6, wherein ramp-down step
further comprises the step of ramping down the temperature of the single crystal material

using a nitrogen cryostat.

8. The method according to at least one of the preceding claims, comprising the step of
placing said single crystal wafer into a wafer holding capsule apparatus, wherein said

wafer holding capsuie apparatus comprises:



| east one of the clains 1 to 8, said system conprising: a
cryostat wherein said single crystal material is placed, said cryostat
bei ng operable to ranp down the tenperature of said single crystal froma
first anmbient tenperature level to a second tenperature |evel over a ranp
down period sufficient to renove defects; and said cryostat being operable
to ranp up the tenperature of said sifgle crystal fromthe second
tenperature to a second tenperature | evel above anbient over a ranp up
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tenperature for the si ngl e crystal elg azer over a second period and to a
second | el@gep to a second ambient temperature level over a ramp up period..

9. An apparatus used for eliminating defects from single crystal material, said apparatus
cdmprising: ' _ , '
a cryostat which is 'operabie to ramp-down the temperature of a single crystal material
from a first temperature ievel to a cryogenic temperature level over a ramp-down period;
and which is further o'perable fo ramp-up the temperature of said single crystal material

from the cryogenic temperature to a second temperéture level over a ramp-up period.

10. The apparatus of claim 9, further comprising a cryostat used to maintain the temperature
' of the single crystal material at the cryogenic temperature level for a soak period after the

ramp-down step and prior to the ramp-up step.

11. The apparatus of claim § or 10, wherein the cryostat used to ramp-down the temperature

of the single crystal material uses helium.

12. The apparatus of claim 9 or 10, wherein the cryostat used to ramp-down the temperature

of the single crystal material uses nitrogen.

13. The apparatus according to at least one of the claims 9 to 12, wherein the cryostat has a
heating element, which is used to ramp up the temperature of the single crystal material
to a temperature level above ambient; and is used to hold said temperature of the single

crystal material at the above ambient temperature level for a temper period.



19. The method of claim 17, further conprising maintaining the tenperature
of said single crystal epilayer at the first tenperature level for a soak
period after the ranp-down step and prior to the ranp-up step. 20. A -

met hod for elimnating defects froma single crystal substrate wafer,
conprising the follow ng steps: a ranE%domn of tenperature for a single
crystal wafer starting froma first afibient tenperature |evel over a first
period down to a second tenperature |evel sufficient to renove crysta
defects, and a ranmp-up of tenperature for the single crystal wafer from
the second tenperature | evel over a second period back to a second anbi ent

t enpetdat urkhe asbaratieacitding toft i6hR ot b9 thd slbiblRey tocmbhﬁhélﬁ% IR HoHiRY
the tenperature of said sig%le cr% tal substrate wafer at the first

t enper at ur@PPYT APPRGHIUS, f¥O ARIING: P38 Sifdlercrysid walep- womisins sald waler frolding t o
nmp . :
t he ranp- wapsilepppRatus tompmeshod of claim 1, 15, 16, 17, and 18, wherein
t he second tenperatyre level is a cryogenic tenperature.
- a woe having an inner-wall diameter size slhightly targer than the single crystal
wafer,;

a first high flux disk shaped magnet located at bottom of the plastic tube; _

a first and second pyrolytic carbon disk having the same diameter size as the
first magnet, wherein the first pyrolytic carbon disk is placed into the tube above the first
high-flux disk shaped magnet, wherein the single crystal wafer is sandwiched between
the first and second pyrolytic carbon disk, and a second high-fiux disk shaped magnet
placed into the tube above the second pyrolytic carbon disk; and a

wherein ramping down the temperature of the single crystal wafer from a first

_ temperattjre level to a cryogenic température fevel over a ramp down period, while said
single crystal wafer is located within said wafer hoiding capsule apparatus; and ramping
up the temperature of said single crystal wafer from the cryogenic temperature level to a

second ambient temperature level over a ramp up period. -

15. A system for efiminating defects from single crystal material according to the method of at
least one of the claims 1 to 8, said system comprising:
a cryostat wherein said single crystal material is placed, said cryostat being
'operable to ramp down the temperature of said single crystal from a first ambient
temperature level to a second temperature level over a ramp down period sufficient to
remove defects; and said cryostat being operable to ramp up the temperature of said
single crystal from the second temperature to a second temperature level above ambient -
over a ramp up annealing period;
-a furnace equipped with a superconducting magnet for maintaining molecular

alignment during the ramp up annealing period.

16. A method for eliminating defects from single crystal semiconductor material, comprising
the following steps: a ramp-down of temperature for a single crystal semiconductor
material starting from a first ambient temperature level over a first period down to a
second temperature level sufficient to remove crystal defects, and a ramp-up of
temperature for the single crystal semiconductor material from the second temperature

ievet over a second period back to a second ambient temperature.



A7.

18.

19.

20.

21

22,

28

A method for eliminating defects from a single crystal epilayer, comprising the following

- steps: a ramp-down of temperature for a single crystal epilayer starting from a first

ambient temperature level over a first period down to a second temperature level
sufficient to remove crystal defects, and a ramp-up of temperature for the single crystal

epilayer from the second temperature level over a second period back to a2 second

ambient temperature.

-

A ramp-down of temperature for a singie crystal epilayer over a first period and to a first
level sufficient to remove crystal defects, and a ramp-up of temperature for the single

crystal epilayer over a second period and to a second level,

The method of claim 17, further comprising maintaining the temperature of said single
crystal epilayer at the first temperature level for a soak period after the ramp-down step

and prior to the ramp-up step.

A method for eliminating defects from é single crystai substrate wafer, comprising the
foilowtng'steps,: a ramp-down .of temperature for a single crystal wafer starting from a first

ambient: temperature level over a first period down to a second temperature level
sufficient to remove crystal defects, and a ramp-ﬁp of temperature for the single crystal

wafer from the second temperature level over a second period back fo a second ambient

temperature.

The method of claim 19, further comprising maintaining the temperature of said singls
crystal substrate wafer at the first temperature level for a soak period after the ramp-

down step and prior to the ramp-up step.

The method of claim 1, 15, 16, 17, and 18, wherein the second femperaiure ievel is a

cryogenic temperature.



