DI FFUSI ON CONTROL I N HEAVI LY DOPED SUBSTRATES
BACKGROUND OF THE | NVENTI ON [ 0001] The present
Wo pwenedish general ly relates to epitaxial semn ROHUSIHD068287
structures, especially epitaxial silicon wafers used
in the nanufacture of el ectronic conponents, and to
met hods for their preparation. Mre specifically, the
epi taﬁ&?bu%%bﬁchéﬁ ROE? r ERVELE ngﬁncéﬁﬁki‘hghk' con
substrate t [ eaV| ope an N-type dopant
(Nt) or a P-type dopant (P+) and an epitaxial |ayer
BACWER@UNDSOFigHElyN@ENEdOW th an N-type or P-type
pant . wherein the heavily doped substrate _conprises
a r[é?&oarl R&&r PERESPItgRT M dopEd I8pEEakill TRAFELShadi ng
epi®altigh cepgentrali-on %Er%%%%%%%re%s%%B%%hggo% itaxial
suppressi ng or preventing silicon intersti aP
Slldtbﬁuwﬁéﬁrﬁowaed.unetéﬁlmanmébchayeroftﬁée@byomé@ucing
co Licon |nt%r%t|t| %}f%%%l%%elnto %ald Eb% ﬁore
mP§y§ [066 ] §|ngle Pystal “§ii e o, p@ﬁg starting
spelatrerizall yf, o hansh ipeacesses rier utrhe fc@bllplrQ@Tel an sangle
sem_conduct or el ectroni c conponents, is comon
Crygiépafdd Lyt ReLerdekraltSrit ﬁﬁo@@@é’ll\)ﬂw@%ﬁeﬁ afl§bn@pe
N-t$ed d%%wtal (g bETEr $ed bt aomkien »9h! kean andoihen a1
gr own extraction. As nblten silicon is containe
layarqwantb cisuditbhihe,l vi tdoipsdcenttamanaiNed ywiet b rv &r-itops
uri ich is main (0)'¢ As suc
dopg e e S obeR PR Ve PSREt SPES O RCTRET GRS Pn
reglibe waker shsl llqgatﬁljyoaﬂb le@gle%l%wataal 18lykirceRv@hewa BY gh
this method. [0003] Durin e thermal treatnment
COD@?@¢é§tﬂVﬁl@élﬁyréﬁﬁpéﬁédcﬁﬁabﬂé PAbEUPRIESE 160 OF
pre%'e%%ﬁfn nisg 1‘1? e %%t PEYIEN BT %ﬁ'f%‘s%% [E%%'a%t L.gn
center orm and ultimately growinto l'arge oxygen
eplmbusberSagerpre@emebate&du@en@n@ungc@ponnterstltlal

diffusion into said epitaxial layer.

[0002] Single crystal silicon, the starting material
for most processes for the fabrication of semiconductor
electronic components, is commonly prepared by the
Czochralski process, wherein a single seed crystal is
immersed into molten silicon and then grown by extraction.
As molten silicon is contained in a quartz crucible, it is
contaminated with various impurities, among which is mainly
oxygen. As such, oxygen is present in supersaturated
concentrations in the wafers sliced from single crystal
silicon grown by this method.

[0003] During the thermal treatment cycles typically
employed in the fabrication of electronic devices, oxygen
precipitate nucleation centers may form and ultimately grow
into large oxygen clusters or precipitates. Depending upon
their location, such precipitates can be beneficial or

detrimental. When present in active device regions of the



their location, such precipitates can be beneficial or
detrinental. \Wen present in active device regions of
W biwab@asy they can inpair the operation of theCTES008068287
When present outside these regions, oxygen
precipitates may serve as a gettering site for netals.
[ 0004] Various approaches have been used to manage
yg pi:tati.on h fe anp
e R L ot TRe %5 654 (61 Farerer oF AP i hreblSss
preaepm0©®$slﬁerthesbakbgn@na noxygenf precépncentsatiagn serve
of vacanci es waf er a rapid thermal anneal er
as ﬂh@?éﬁ?rlﬁgaS%Gﬁsé@&eﬁﬁtég ygen precipitation
heglooloagat MRt o ueX ¥gen cRkeeisPhbatescbor skl themanage
vacancy-rich regions but not in the vacancy-|ean
oxygegi eASCiba tELSonPaEEAl NG, 16, 3362968, Falrstegpmple, in
0.5 $ELARES\B PLOGESS 1) WG h 0NOXKGeN LATRL 3l LG cess
ers are prepared by nall annealln
forwah%tal&ﬁn@naommgemﬂdﬁnkﬁlﬁbﬁ@e&tﬁﬁ&ﬂb&fefOWab$n01eS in a
sl ow cooling the wafers through the tenperature range

walat wWhi hr@§&§n$P§§m§FeaP€€§9e€eW?eﬁ€@NIén FO@@@Fe@Hﬁpé

oxy@%%s%r%%qgﬂk%%g%nh%%%tpEQ%%Qm%%%fub’g@%@a €ecfiPfitates
yplca silicon wafers epltaXIa wa ruct ures

for@onpr¢®engah@@hWyrd@bedegubgﬁr@vésnpﬁes@nﬁhgow@wﬁapy—lean

regqb%%ereqt %h I%n es. & §z§§%2u68un oqtroll lgaé%%es 2

preC|p|tat|o SRV 55t r afes “Can

proba%sgeﬁemahb@nn@h b&@@bmvghfch@ﬁgat@@@caaﬁéabl@m@ of
silicon self-interstitials at high tenperatures
Prepecsds ©Yof 2PRE Fhersdilyn 2durifng Nex Fgen VprecSpiitafé

OXY%%%WEQBthEQE@V%E%OS@%%%@C%QC%QISQEMQ%%OQ %'Eh%o%afers
self-interstitials, in turn, ténd to pronote diffusion

thr@mg@omaﬁttempemah@melmp@getﬁeswhﬁpbnwahenhu@hlwr@oped
1 % trate F ho the nore lightly doped device | ayer,
e fhere Stenti'al ly altering critical characteristics,

squO@S]avwhan@hehQ@@a&QQWﬁlw@b%a@@wel@roven useful, to-
date, for typical silicon wafers, epitaxial wafer structures
comprising highly doped substrates present somewhat
different challenges. For example, uncontrolled oxygen
precipitation in heavily doped substrates can lead to the
generation of relatively large concentrations of silicon
self-interstitials at high temperatures because of their
emission during oxygen precipitate growth. Relatively large
concentrations of silicon self-interstitials, in turn, tend
to promote diffusion of dopant (or other impurities) from
the highly doped substrate into the more lightly doped
device layer, thereby potentially altering critical
characteristics, such as avalanche breakdown voltage, in
some power devices. As such, if the number of silicon
interstitials near the epitaxial layer were reduced,

diffusion of dopant into the device layer would be retarded.



some power devices. As such, if the nunber of silicon

interstitials near the epitaxial |ayer were reduced,
waledobroeiien of dopant into the device | ayer woubI/582008/068287

retarded. SUMVARY OF THE | NVENTI ON [ 0006] Anobng the

vari ous aspects of the present invention is a process

for suppressing silicon selfinterstitial diffusion

suvva@R dFheay Y 4eredysubstrate into a lightly doped
——1am11nw1#—ﬁéyer—rﬂ—ep1taX|aI silicon structures and
t he 000$0! t RPngnst thet wres puperspectis00E7]hBr peklsypnt
t heref ore, one aspect. of the present invention._.is an

InvERiaki af §|PF88ﬁSﬁa¢8F é&ﬁBF $PigYa Ssilngl8 Sfydta

1nt%&%k9@ﬁa§U@§EE@%§ohh§thSah%éﬁhﬁﬁyd@Bﬁgdm%th%&aNetM@%o a
dopant (N+) or a P-type dopant (P+) (i.e., having a
llgbééwsﬁp@ﬁﬁye@ﬂtﬁé3§ltﬁéﬁeg'ﬁWV@ﬁFtéﬁdaénSééﬂﬁﬁﬁla
strg%¥%&e@hb%% t%e'&%ﬁhh¥l%§p%@ Wkkﬁr%@ Lypg.or P-type
opant (i.e., having a £iv Ereater t han
abqo0¥q mMABerk f1yThehkeaviolry, d@pedaspbstraﬁethe present
conprises a silicon selfinterstitial sink |ayer having
invgnsepal ati 6f 6P dPSiacatiion CPops tedpablerdfing a single
cry%%%@r%%%h%%ndhhk%%E%QeOEh%%lh%oﬂe%%lﬁ&nb%b%H'%h%hsan
into the epltaX|aI | ayer, wherein the'| ayer of
N-tdicsl ceoatingn (Ndgopsri ¢ Qrtap@e@ppa@ﬁ dt+) edst. caboliev2sg a
redh Eaquthe |qterf %_ anéhe ubst r at. aq%ltqg or
a5itdxicdl Olayer. ? 668 e P eSERt HnvEAtTER s~ Y

whiftr thern idhreet edpka &iphoeesN-f@bepoepa@ricRgpes dobaa t
- wafer. [0009] O her objects and features of this .
(i.EnveREVéRIWEl IFSFé SItA Vp&Nt CApFAFERE Tak@aln 3paMFL poi AESEM) -

TheF%%a@%ﬁ%’@%%%%rsubQ% %%eDEéﬁﬁkEEnga 81IH%OQRé@ﬁ@GS

10] "Figure 1 is a sche ICc representation of a
inthkirghliy iddped ngi lievenm Sabstwate pwicth ad ibingltt] @iddpedtion
looggl%%ég%Hel %e%u%%23%81%%erel UEE%DS%QStrﬁt%o%oggﬁkses
interstitials into the epitaxial layer, wherein the layer of
dislocation loops is at a depth of at least about 250 A from
the interface between the substrate and the epitaxial layer.

[0008] The present invention is further directed to a
process for preparing such a wafer.
[0009] Other objects and features of this invention

will be in part apparent and in part pointed out

hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[00010] Figure 1 is a schematic representation of a
highly doped silicon substrate with a lightly doped
epitaxial layer wafer, wherein the substrate comprises a
silicon self-interstitial sink layer comprising dislocation

loops. This figure is not to scale.



silicon self-interstitial sink layer conprising
di sl ocation |l oops. This figure is not to scal e.[0010]
Wo@anes1d3 i s a schematic reppesentation of a hP@h§2008/068287
doped silicon substrate undergoing ion inplantation.
This figure is not to scale. [0011] Figure 3 is a
schenatic representation of a highly doped silicon
?%b&% ihelel On %"B'g%%%%b%ﬁcaQ% %%s%%%ééhoho ofroLm
Ioca |on Ioo s’ Thi s igure is not to scale .
h1gb@®1abpédgané1¢omssabEEMambom@memgogm@phoﬁhawpﬂ@naatlon
vi ew, of dlslocatlgn | oops in the silicon

Thl§e&FgHF§r§§|PP5I L8 iker&yer at 75,000 ti mes
magoofingat reBurE0813k W tthheaspect @ thenkgubesor a
correspondi ng reference characters indicate .

highdwr dopendisng ipant subkitsagkoat tele 1oay aprall apitews opf and an

ra S. I I.PTI PREEERRED

B VERTS. [O0TA "I SBcCor Aince Wi th- oRGGepdet 6f =
scatlke present invention, N N+, P/ P+, N P+, or P/N+

epltaX|aI silicon mafers na prepared Wth a reglon

cor9Pt &l ng Fdi%8ir6c 4t itén @l &6 p@ﬁﬁ&ﬁﬁ€r89régpvﬁﬁﬁwé§ga
pla%'@Ke&OstblEQQQa%QbE'QB%b%tHE'%E% Rear -bhe sepirtaxi al

| ayer, thereby suppressing diffusion into the
lnt@gﬁﬁaXﬂaﬂ BavérlaYﬁwsaﬁeﬂﬁoﬁoﬁstﬂgbérm@@nnélhgmepm as
|I| on f-inter t|t| sink | aye

e D el e e s T
refb@%@be"ch@@h@ke@%fQhﬁu@gtbocBE@@%@ohd&n@ppb@&%akhw&b@hout

1 conprises silicon substrate 10, epitaxial |ayer 11,
thea @ VSIFPiLc §Ac¥8l PL Hh&r SEPILAYSsi nk | ayer 14. Silicon

substrate 10 is doped with an N- or P-type dopant and

epitaxial layer 11 is doped with an N- or P-type
DETddpamt DEWCERA PSILONcOf' Sibs PRaf@RRE DhEMBYLOAEEWITISy doped

| .at t t (I 11. Si
cellPOtdTer dpi Bokr “STRRS Hy6 TRSCGRFa s o the Present

invention, N/N+, P/P+, N/P+, or P/N+ epitaxial silicon

wafers may be prepared with a region comprising dislocation
loops capable of serving as a sink for silicon self-
interstitials near the epitaxial layer, thereby suppressing
diffusion into the epitaxial layer. This region is referred
to herein as a "silicon self-interstitial sink layer," the
"interstitial sink layer" or more simply, the "sink layer."
[0015] Referring to Figure 1, epitaxial wafer 1
comprises silicon substrate 10, epitaxial layer 11, and
silicon self-interstitial sink layer 14. Silicon substrate
10 is doped with an N- or P-type dopant and epitaxial layer
11 is doped with an N- or P-type dopant, with silicon
substrate 10 being heavily doped relative to epitaxial layer
11. Silicon self-interstitial sink layer 14 contains a
population of dislocation loops 15 that serve as a sink for
silicon self-interstitial atoms that may diffuse from highly

doped substrate 10 into more lightly doped epitaxial layer



popul ati on of dislocation | oops 15 that serve as a

sink for silicon self-interstitial atons that may
waldobs@ss r om hi ghly doped sybstrate 10 into nRCBUS2008/068287

lightly doped epitaxial |ayerll as a result of, for

exanpl e, the growth of oxygen precipitates . [0016] In

one enbodi nent, silicon substrate 10 has an essentia

sen f, LOXyge r tat e cl.ei re educe
11 B5NGE 0 OXIERI B LR ML iR LA Lhekc
prenﬁpumatees into epitaxial layer 11. That is, oxygen

D IS 55t ol e i rame oot 140 1 on
ess@ﬂ&%@h'%%sbﬂ%eW%Eebx§be% eapepature 0f,c8Q9 Q6 frorther
four hours and then at a tenperature of 1000 OC for

redgicgt 688 ReGes)iall forsdiiféos isubstr doeap0g17hd other
lmpgﬁf 3%'” n%%a%ElE%x aq 1 gersﬁllCo%h%%bﬁ%ratSNé%nhas

e roma- sing Si'licon wa
preb&@ﬁt&heeeﬁlﬂﬂomba §bm@|&nct%i%&bmb@@ﬂhe@tOWMIHMg an
Czochral ski, crystal growi ng nethods. The sing
OXY@ﬁ?spéﬁcépﬁté&ﬁowaﬁéﬁth§§e§t@€ﬁﬁrdﬁ ﬁxvsanéeﬁﬁéﬁﬁ the

wafeyr bace and-a hackesurf 80 thatr-ar e genetaldsy and then at
per pendi cular to the central axis; a circunferentia

a tedgeraandeaofadioly eﬂté@dlﬁgXﬁE@mlhb@r§éntral axis to
the circunferential edge. The wafer may be polished
or, alternatively, it may be | apped and etched, but
I. notsipaldoghedibsitraaddi tion, the wafer may have vacancy
or self-interstitial point defects as the predom nant
i ntlOPAdilc p6ifRE rdefedf2iPotCeXafpl &, £hé IRaferUkayreée 10

is VRGAREH %Q%MU%t%q hem-¢ E%ﬁ %91§@%% wafer that has been
self-interstitial dom na d fromcenter to edge, or it

sligmy coptrain sangéert calystarle iofyoraganoy @Qﬁﬁﬁ@p@dalski
oryBhs! LS UIME.DY o B SUUIRLL! 20100 Olrer
hascéo@ﬁhahﬁkla&ﬁ@wnasﬁhb@Qnshiﬁb@@|bhdh@Sb@@k surface that
are generally perpendicular to the central axis; a
circumferential edge; and a radius extending from the
central axis to the circumferential edge. The wafer may be
polished or, alternatively, it may be lapped and etched, but
not polished. In addition, the wafer may have wvacancy or
self-interstitial point defects as the predominant intrinsic
point defect. For example, the wafer may be vacancy
dominated from center to edge, self-interstitial dominated
from center to edge, or it may contain a central core of
vacancy dominated material surrounded by an axially
symmetric ring of self-interstitial dominated material.

[0018] Czochralski-grown silicon typically has an
oxygen concentration within the range of about 5 x 10 to
about 9 x 10" atoms/cm’ (ASTM standard F-121-83). In

general, the single crystal silicon wafer may have an oxygen



oxygen concentration within the range of about 5 x
1017 to about 9 x 1017 atons/cm 3 (ASTM st andard
Wae2200688) . In general, thegsingle crystal siP¢TUB2008/068287
waf er may have an oxygenconcentratlon falling anywhere
within or even outside the range typically attainable
by the Czochral ski process. [0019] I n one enbodi nent,
contlgcshRgbe ¢rystal, shlipanang %@r@$%ﬁ@%e
symretric region whi c as radial I"eas
rangeoutyp30%lillye altengnhhbde blye thadiCus cofr atllsé inafrercarsd
ha etecti bl e agglonerated._intrinsic point def
198 alec Frof s ATEC6E T3 % 1 03 er EELE) ERvE Lo lTRé Licon
waf@fs‘ 2ol rSRRELA 6 < 8dI19N sRAKetINLaAIrRMAGANEI @S Bhs radial
silicon self -interstitials as the predom nant
widitht pifngitc lpoisiit afetecB0s F@@Z@anébe@élﬁ@euﬁéﬁlvﬁeof the

waft%%glaiﬁl@]g thi%%%oo%etc'%% hng! %g%ﬁ%ﬁ%%'at%ﬂ'igﬁg ;n%%t

oi nt o Si T thr u
defthesr ange oftabeubn730mEtt o fabBout 1350d€FfecoXygen. The
preci pitate nucl eation centers may formin the single

aXléﬁ}§t§Wm§ﬁFré6nrﬁﬁ68P @@éﬁF@ﬁFéHntH€C§PPl€§nOWa§éﬁlc§n

sel%lh%%%rsk@tqgﬁSGEQOQh%e@%edE%En%hE'QQQrW@EQE B3$gSSES
such nucleation centers. |In another enbodi men t he

defegiclti.con mafer does not. [0021] The single crystal

I h I d h
ot lighoyneten e heevy depeun one o cote N vee

ants cal

cry@h@&pmm@@n ansemi &roandhanten®Ayg bbiemre cgnadiikent ,
the dopant is phose&grous I n anot her enbodi nent, the
(abggpant? 1Vs Car §eaice ahwhitre fitR Ige P farbPhér ,/ SChé &@péﬁpuﬁs

3503@t'%%§%en|@r%015 E%%% %@%@%b?@%ﬁ cbWe 0l5 %%&ef% Tm in the

phosphorous, arsenic, and antinony are used as
Sln@dpanmsstﬁypﬁdéhc@ntyDQOdoﬁanmsWhnchud@eb@ndncon wafer is
and ne enbodi nent, the d
5L A PR SRR e R S Lo AR A RO SRS fuch
nucyektanet hehtetrle dapadhoitSer embodiment, the silicon

wafer does not.

[0021] The single crystal silicon wafer is heavily
doped with one or more N-type or P-type dopants. Typical N-
type dopants include phosphorous, arsenic, and antimony. In
one embodiment, the dopant is phosphorous. In another
embodiment, the dopant is arsenic, while in yet another, the
dopant is antimony. In a further embodiment, two or more of
phosphorous, arsenic, and antimony are used as dopants.
Typical P-type dopants include boron, aluminum, and gallium.
In one embodiment, the dopant is boron. In another, the
dopant is aluminum, while in yet another, the dopant is
gallium. In a further embodiment, two or more of boron,
aluminum, and gallium are used as dopants. Regardless of
the dopant(s), the total concentration of dopant(s) is such
that the wafer has a resistivity of less than about 5 mQ-cm,

such material typically being referred to as N+ or P+



gallium In a further enbodi nrent, two or nore of
boron, alum num and gallium are used as dopants.
woeganaiiess of the dopant (s), the total concePCT/EHS20081068287
of dopant (s) is such that the wafer has a resistivity
of |less than about 5 mMiWcm such material typically
being referred to as N+ or P+silicon. In one
s11§E00di meAL o the, dopARLFoNeen! Latlan 8 subtichkent, tQ
provide the wafer with a'resistivity of l'ess than
sufdhauend md¢ pmovlidec eéhtaiwa fenrbadithent $esiesiistiityi bifedess
of %ess han about 2 mMcm. wi | | be,%%eferred..ln.%et.
thage REPUEnbolitefits, eh&Sdopant SEGREERER & of SPdstivities
of SuWkli ¢hent sbeuRr ovinde chhe isubstr ate reltBga resi skicvickyer
of less than about 1 mMiWcm . [0022] The resistivity
embpglines thot &dcabloventocraspond aitd oan 1N sypd igopant to
entrat.i ' eneral_l. er .t a
e PR S "L tor Gaera” e Chodutty Haped Ut
1 mmater. may have N-type dopant (s) present in a
concentration greater. than about 2.25 x 1019 at/cm 3,
sudR0221gr éafer ethah1aBGNt VELIASSK NPGES APPYm §OortFspond

to @renpreber g erbedinrent ~tthenheavil ¥ sdered waher ghaster
N-type dopant (s) present in a concentration greater
thaphakoalsodt- 272, 36 1X 1049 et /-cmE3r. eSiampllar| yhet heavily
resistivity values noted above,. correspond.to a _P-type
dop g MR S oMEdnt FAEI On PRAt CP8 Sh&er aF Ly S %ats: 3t han

conabkautra2.ibnX gk@k eat Lemn3 aboker 2exanpl e o't he heayi lkyich as
doped wafer may have P-type dopant (s) present in a
IregihRcentPat PORYGr fatter %t Ran '3, 71k poporaefemrsd

emb%ﬂqgeﬁ%,gE%%t%%aqug'@?%gbh%a%e§ %%%gNaE§%%‘%0ﬁah@(%We

preferred enbodi nen eavi |y doped wafer has
preBemypend@panmcegﬁrpﬁé@@ngrbntarc@h@@npb@mtoﬁ.@6eaté@19
at/%%?gtgggﬁi%%gfyéi%ﬁeﬁa%%éggl§ityléal§%£|gggegeébove
correspond to a P-type dopant concentration that is
generally greater than about 2.1 x 10'7 at/cm’. For example,
the heavily doped wafer may have P-type dopant(s) present in
a concentration greater than about 3.7 x 10'° at/cm®, such as
greater than about 5.7 x 107 at/cm’. 1In one preferred
embodiment, the heavily doped wafer has P-type dopant (s)

present in a concentration greater than about 1.2 x 10%°

at/cm’.

II. Silicon Self-Interstitial Sink Layer

[0023] Referring again to Fig. 1, silicon self-
interstitial sink layer 14 comprises a population of
dislocation loops 15. 1In addition, interstitial sink layer
14 is present over a substantial radial width of the wafer.
In the embodiment illustrated in Fig. 1, the interstitial
sink layer extends across the entire diameter of substrate

10. Although this embodiment is preferred, the interstitial



[0023] Referring again to Fig. 1, silicon
selfinterstitial sink layer 14 conprises a popul ation
woboodiosdietat i on |1 oops 15. Ingaddition, interstPCi/EB2008/068287
sink layer 14 is present over a substantial radial
width of the wafer. In the enbodinent illustrated in
Fig. 1, the interstitial sink |layer extends across
sinkh§ 9L L JiBTELEE Ol SYBSt ke 10, Al Lhanalthi s 1,
enbodinment “is preferred, the interstitialsink [ayer
genemy lnott hexedndeoventee tentiiafle sdndmébger 4 gedér abyve a
therefore, interstitial sink_ |layer 14 will have a
radigdi AR ORROE 6F AEFSasPOibodl 16% ot HE"Pangth GPe
radife badicus Qhrthe wafencaTYR, cahky rathelr adisah widthpe
will be greater, for exanple, at |east about 25% nore
gregypgircalfloy gxam@ast albodtead3sy@band SOl | Negee typpiceally at
I Qut %_of. .t he r adi .of ;the fer. o
Lea} dF?%%%a%Ef{ Fﬁ?efgﬁﬂﬁiaorgiE§%ﬁ§€é9yifwﬁé§aﬁé FEPRE """
of a%ecClrasie utso offaceclIaderpossidalieiosalllgngiasetrheitial sink
di sl ocation | gops do not extend to face 13. ,
Laveat éfstPwi &F dPRReCayér C125Fs Upr éPErablPy 245t PaSdéptiR - off ©
lon%ta%e%%% ahaub chRA oA 1 oRRe R eher aklyvnat cheasi-cabaut
50 A, at l|east about 600 A, at |east about 850 A,
Intersévénadt siedstl aaboutl 41160 rAcelrabilyve atto aof depth3of at
Ei 2.) .ar, the _correspandi i nterface bhetwee :
rea§indpelieh 120 Snam@ar Srear rayer Srr eecy. oft R0 =t
leakh generaleoodits| ecaticent! adpsitmdpobé,f ormegennad least
series of steps conprising inducing damage to the
abogity AP Patfileé 18er kot dr€Cofl Ja (§dFst Fat €1t 6P€reate a
cor&%%%%n%ﬁDQWQEEQQ%%c@ak%ﬁhéﬁna@@bé@Q%%b!@@ %E%_%@q%%§qal
structure.” This processing forns the dislocation |oops
layefr tlAe (Fnter dvi.tial sink layer, typically adjacent to

th b ver gf anprgh us Jma er% Lb Tgeodisloca%%o |.oo 5o

1008030 1t BT Rdnnal Hay b O7f Af BXafBie . part BeE
a seirskecatfl ercbeop®mplriank qdiislieeahicotam@ers tc0kha crystal
lat%ggglgighgguggeg%og'sﬁ%giggkggto create a layer of
amorphous material and annealing the damaged structure.
This processing forms the dislocation loops of the
interstitial sink layer, typically adjacent to the layer of
amorphous material. The dislocation loops developed in this
manner may be, for example, perfect dislocation loops, Frank
dislocation loops, or a combination thereof. Referring
again to Figure 1, silicon self-interstitial sink layer 14
lies beneath epitaxial layer 11 such that the dislocation
loops within silicon self-interstitial sink layer 14 are not
in contact with the substrate/epitaxial layer interface.
Preferably, therefore, this series of steps is carried out
in a manner to minimize any negative impact upon epitaxial
layer 11 or the surface upon which epitaxial layer 11 will

later be grown. This may be achieved, for example, by

implanting ions through the face of a substrate and growing



again to Figure 1 , silicon self-interstitial sink
| ayer 14 |lies beneath epitaxial layer 11 such that the
waele@boedss on | oops within silicon self-interstPCi/Eb2008/068287
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therefore, this series of steps is carried out in a
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of the present invention conprises inplanting ions,
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neutral, or inert to mnimze any effect upon the
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enbodi nent, the
isocelectronic, neutral, or inert to minimize any effect upon
the electronic properties of substrate 10. For example, the
implanted ions are preferably selected from the group
consisting of silicon, germanium, helium, neon, argon,
xenon, and combinations thereof. In one embodiment, the
implanted ions are silicon ions, germanium ions, or a
combination thereof. In one particularly preferred
embodiment, the implanted ions are silicon ions.

[0027] The ions, I' in Fig. 2, are implanted to a
target depth, D, relative to face 13. As a practical
matter, however, some of the implanted ions will not travel
this distance and others will travel an even greater
distance (i.e., reach a greater depth relative to face 13).
The actual ion implantation depth may vary from D by about
5%, 10%, 15%, 20%, 25%, or more. This creates a zone or

layer of amorphous material containing a relatively high



i mpl anted ions are silicon ions, germaniumions, or a

conbi nation thereof. In one particularly preferred
wepiododrent , t he i npl ant ed iqgs are silicon i oPGT/US2008/068287

[0027] The ions, I+ in Fig. , are inplanted to a

target depth, D, relative to face 13. As a practica

matter, however, sone of the inplanted ions will not
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13 i S P ot ar 5 RGeSt T ATTATEF Lorgy, bk laver
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threa%ing dislocation defects, into the epitaxial layer.

[0029] Accordingly, target depth, D, is such that the
subsequently formed dislocation loops do not extend to the
surface upon which the epitaxial layer is formed or to the
corresponding substrate/epitaxial layer interface. This
target depth may be very close to or just below face 13, but
D is more typically at least about 250 A. 1In one
embodiment, D is at least about 500 A. In another
embodiment, D is at least about 750 A. In a further
embodiment, D is about 1000 A. In yet a further embodiment,
D is greater than about 1000 A.

[0030] Implantation depth may be affected, at least in
part, by the ionic species implanted, since lighter ions
tend to penetrate further into substrate 10 for a given
implantation energy. Thus, for example, at an implant

energy of 50 keV, silicon ions will have an average implant



surface upon which the epitaxial layer is fornmed or to

the correspondi ng substrate/ epitaxial |ayer interface.
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face 13, but Dis nore typically at |east about 250 A

In one enbodinent, Dis at |east about 500 A . In
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usi[og3af | easkrabayt 3J0ske¥atsweh laspat fbeasttabdut c4d of
keV, or even at | east about 50 keV. In one
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TYREFdNe T8 P miERoan pROGE S AySr ToP TSP GoncPLh O
aboliypiloal Ry it ot Beodidsbecati ehel aops afmydf abmMsat aa tdepf the
of about 100 A to 300 A below the inplanted ions,
exagltt H6RGh RE ERafCr§epth lREY -be IRDLENG 2 lesdt LF more
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materi al using | ower mass el enents. Accordingly, a
elemgatishi ghercoconogntyr, ati omcof hligwerassnekemeatts omustt Bew

maSuseg to inducets %fhci%gg dg e, wh%reag I wer
EoRCENEF&L: BIHS Cob ohi'Gh miSs 6L BhENtS Tar6 60T T (EIERE t o
whefreb® amhepheus ceinlirte@ionkob rexampl @aswhencers are
sufficient to form amorphous silicon. For example, when the
implanted ions are silicon ions, the implanted dose is
preferably at least about 2 x 10 atoms/cm?, such as at
least about 5 x 10 atoms/cm?, or even at least about 1 x
10Y° atoms/cm?. In one preferred embodiment, the implanted
ion dose is at least about 2 x 10'° atoms/cm?’. By
comparison, when the implanted ions are the higher mass
germanium ions, the implanted dose is preferably at least
about 6 x 10%° atoms/cm?, such as at least about 1 x 10%
atoms/cm’, or even at least about 5 x 10" atoms/cm?’. In one
preferred embodiment, the implanted ion dose is at least
about 1 x 10 atoms/cm?.

[0032] The implanted substrate is then annealed for a
time and at a temperature to convert the crystallographic
damage caused during ion implantation into dislocation loops

15, as shown in Fig. 2. In general, the annealing



i mpl anted ions are silicon ions, the inplanted dose is
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about 1 x 1015 atons/cm 2 . In one preferred

enbodi nent, the inplanted ion dose is at |east about 2

x 1015 atons/cm 2 . By conpari son, when the inplanted
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ion, or with different ion(s). In this embodiment, the
silicon self-interstitial sink layer comprises multiple
strata of dislocation loops, which may increase the capacity

for silicon self-interstitial consumption.

ITI. Epitaxial Layer

[0034] Referring again to Fig. 1, epitaxial layer 11
is deposited or grown on a surface of the annealed silicon
wafer by means generally known in the art, the surface
preferably having an absence of dislocation loops. In one
embodiment, the average thickness of the epitaxial layer is
at least about 5 cm. In one embodiment, epitaxial layer 11
is grown after the implanted substrate is annealed to
develop the dislocation loops. In another embodiment,
epitaxial layer 11 is grown as the implanted substrate is

annealed to develop the dislocation loops. In yet another



successively |lower inplantation energy |levels for the

same ion, or with different ion(s) . In this
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conprises nultiple strata o# di sl ocation | oops, which

may i ncrease the capacity for silicon
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embkgqg%LtReE%rrE%%l%%@%@_%%f r91F gar ?Eﬁﬁglgknegﬂgg {%

[ ep03|te or ‘grown on a surfa the anneal e
devsﬂbpcmhewaﬁeﬂobﬁtaeanéo@@mebaﬁbyeknmwnfkerthheagtpwtheof

surface preferably hav % an absence._ of %lsloca ion
thep 685& 24 A loné Yerbod ERE - *PRE Sver agE St hirCR fes$ 16f t he
ann@Riltiaxl akecbayen k%eabpﬁ%ﬁiﬁa@bQQBWQhC@kebnm@@ebe carried

enbodi nent, epitaxial layer 11 is grown after the
Outlﬁﬁléﬁﬁe@a@@b§PP§¢@tU§ anneal ed to devel op the

d| i o n r di e ial

jo%%%i ﬁeg%%%ﬁes Pﬁe%%%%|é§?g% g@%@%pét%bﬁ%éx%al

1ay@mnealed p@edewebog-ghewdlS@oc&bmﬂnauoaa@orldepebltlon,

anot her enbodi nent, the inplanted wafer is parti al

SUCBNREAIER SES &é@e@@ﬁcﬁﬁgegvsﬁ@éa?ﬁéﬁpﬁﬁopénbgférePéFent

No.akt ergot he ogr ol 10y e teRi kaxicalkibayehver may take place
Advant ageousl y, therefore, t e anneallng step and the

aft@plpaxﬁaml@gowbﬁ §pepama¢lbéayamrge@w@@tpm@ceﬁé sane
aratus. 03 Re ardl of mhen it
Reggp t§§FalfI%36r%%fl pre e%éblyegfgwﬁl ﬁngh n%gklal
layéapaksdepasiphin@ncosdeh tprecesses arevdescrhbedpiftakial
exanple, in U.S. Patent No. 5,789, 309. Doping of the
lavepi fakial [Feyér tity tWaké pltadeastt POyt é@r@%gcﬁheSUCh as

at GRELAXLELlayen growhl PERCesSan Q%ar%h%S%pQEa&H%l layer
dopi ng nethod, the resulting epitaxial |layer has a

wildomapucadd@ehawatﬁomesosmnwvmﬁeOﬁh@eeWBEaxB@butay@@ mQ - cm
and 3 %§ § |V|tonf at aea E ag out 1% nMécnk su%g 38 oy
Pe&st "Hbouf ™00 ThW e 2E8r16xatple, e SEpitaxial ~2Y
Wllua%@w@malre%x@t@ahky-B&V@eaw@éﬁl&bbwtt$0@fmaebweaﬁd about
about 100 nmWcm
10 Q-cm.

[0036] As an alternative means of characterizing the
epitaxial layer, the epitaxial layer will typically have a
dopant concentration of less than about 4.8 x 10'% at/ cm?’,
such as between about 4.3 x 10" at/cm’ and about 7.8 x 10°°
at/ cm’. In one application, the epitaxial layer has a
dopant concentration between about 4.4 x 10 at/ cm® and
about 1.9 x 10'® at/ cm’.

[0037] The epitaxial layer is doped, as described,
with one or more of either N-type or P-type dopants. In an
embodiment wherein N-type doping is preferred, the N-type
dopants are selected, for example, from the group consisting
of phosphorous, arsenic, and antimony. Typically, the N-
type dopant will be phosphorous, arsenic, or both

phosphorous and arsenic. In one embodiment, the dopant is

phosphorous. In another, the dopant is arsenic. In yet



and about 100 Wcm 1In one application, the epitaxial

layer will have a resistivity of between about 300
workogiv@sd about 10 Wcm [0Q36] As an al t er naRCwES2008/068287

nmeans of characterizing the epitaxial |ayer, the

epitaxial layer will typically have a dopant

concentration of |ess than about 4.8 x 1018 at/ cnB,
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gaspitef gped thehdepotypeddepantesiarle lsekect ed, for
exanple, fromthe group consisting of boron, alum num
and gallium 1In one enbodi nent, the P-type dopant is
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in the substrate may yleld an even greater degree of control
over diffusion of dopant (and other impurities) into the
more lightly doped epitaxial layer. The dissolution step
may be performed before, after, or as part of the formation
of the silicon self-interstitial sink layer, so long as the
process parameters do not compromise the integrity of the
dislocation loops. Preferably, this process is performed
before the silicon self-interstitial sink layer is formed.
[0040] The highly doped wafer is subjected to a heat
treatment step to cause dissolution of any pre-existing
oxygen clusters and any pre-existing oxidation-induced
stacking faults (OISF) nuclei in the substrate. Preferably,
this heat treatment step is carried out in a rapid thermal
annealer (RTA) in which the wafer is rapidly heated to a
target temperature, then annealed at that temperature for a
relatively short period of time. 1In general, the wafer is

rapidly heated to a temperature in excess of 1150 C(C,
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greater degree of control over diffusion of dopant
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whi ch wafers are individually heated by banks of high
po%€P42] In addition to dissolving a variety of pre-
existing oxygen clusters and OISF nuclei, the annealing step
will increase the number density of crystal lattice
vacancies in the wafer. Information obtained to date
suggests that certain oxygen-related defects, such as ring
OISF, are high temperature nucleated oxygen agglomerates
catalyzed by the presence of a high concentration of
vacancies. Furthermore, in high vacancy regions, oxygen
clustering is believed to occur rapidly at elevated
temperatures, as opposed to regions of low vacancy
concentration where behavior is more similar to regions in
which oxygen precipitate nucleation centers are lacking.
Because oxygen precipitation behavior is influenced by
vacancy concentration, therefore, controlling the density of
vacancies in the heat-treated wafer limits or even avoids

oxygen precipitation in a subsequent oxygen precipitation
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of a significant anount of oxygen su%presses t he
recombinations to occur, beginning at the surface and then

moving inward.

[0044] Regardless of the mechanism, the annealing step
is carried out in the presence of an oxygen-containing
atmosphere in one embodiment. That is, the anneal is
carried out in an atmosphere containing oxygen gas (0O),
water vapor, or an oxygen-containing compound gas which is
capable of oxidizing an exposed silicon surface. The
atmosphere may thus consist entirely of oxygen or oxygen
compound gas, or it may additionally comprise a non-
oxidizing gas, such as argon. However, when the atmosphere
is not entirely oxygen, the atmosphere will preferably
contain a partial pressure of oxygen of at least about 0.001
atmospheres (atm.), or 1,000 parts per million atomic
(ppma) . More preferably, the partial pressure of oxygen in

the atmosphere will be at least about 0.002 atm. (2,000



vacancy concentration in the anneal ed wafer. Wt hout
being held to any particular theory, it is believed

W baw/oed1es rapi d thernmal annegking treat ment i nPCTES2008/068287
presence of oxygen results in the oxidation of the
silicon surface, creating an inward flux of silicon
self-interstitials . This inward flux of

pprf f SlONAr SLLL! 2l A hhe oelhact of. q%g%%@l§%ma),.and
altering the vacancy concentration profile by causing

stiFlankek pairferebdybiondtli ans.t 106000, pegi)nni ng at the

surf and then noving inward. [0044] Regardl ess of .

¢ hd RSN an it P Re CaRaarn AGT6Ees IS 2Eariied oae o licon
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enbodi nent. That is, the anneal is carried out in an
crygfass phérectontiaithi g eoxygen odastiCORy L onwaeenavapor ,

teng r%%ug?éy%% <GoALal ni %gec %@B%%%‘ér%%ﬁ ofh 'b%E} £l;§ Capabl e

Froxidi zing an exposed sil'icon surface: Thé

intatimes ghebe nrayletthus s¢ ondicst femt, r elsy aoffuaxydgen o the
oxygen conpound gas, or it may additionally conprise a

difRgRaXI dYziPhg Cgas I NSGcRSAS APgoh. SRdwEer 2T ihénct he

rec@tPBsRheLe s +ROL sent i ely 1@xygen .t hibe ratnpephere Wi | |
preferably contain a partial pressure of oxygen of at

exapast abeutn0ro0siat wospltedeseCatsmeyre, redati0ea ypawid le

er mllion atom ¢ (ppma) .. Mre preferabl t he .
at BEhEPir CPBSEaRe "B GRygRn tin tn R MELDRGFE ] F rpyhich

theatvalfeast sabout a0 <002 nattie 2p000pPEENA,1 Shinkl 1ABKE step,
preferably 0.005 atm (5,000 ppma) , and still nore
whegreapetaBlYy 360 ESEEmE1E éyo@@mﬁgﬁé?.fP@O@QP CRiFeFsiel ly

pra@%ﬁ%%ld%ﬁ%%tie&!@%a%%h%% %Qda%ikk%ggratures of as much as
self-interstitials) are capable of "diffusing through

700si°Agl Expeysiahtsill evdrenwiet lbtthe nealt ¢ ocofladief Susicests that
The concentration profile

oo P RREE NG COBATRE “HoTEoEs O% NERETOreS P HoF unat 1 on
conefi delendivf, f usich tyaef vhlenichtll BSnC bRoich sdekeets tande
imm%%?le for any commercially practical time period, at
temperatures less than about 700 C and perhaps less than
about 800 C, 900 C, or even 1,000 C.

[0046] Accordingly, in one embodiment the concentration
of vacancies in the annealed wafer is controlled, at least
in part, by controlling the cooling rate of the wafer
through the temperature range in which vacancies are
relatively mobile. Such control is exercised for a time
period sufficient to reduce the number density of crystal
lattice vacancies in the cooled wafer prior to cooling the
wafer below the temperature range in which vacancies are
relatively mobile. As the temperature of the annealed wafer
is decreased through this range, the wvacancies diffuse to
the wafer surface and become annihilated, leading to a

change in the wvacancy concentration profile. The extent of

such change depends on the length of time the annealed wafer



reconbi nation rate as a function of tenperature. For
exanple, the intrinsic point defects are relatively
Woriplogs1at tenperatures in the vicinity of thePCT/US2008/068287
tenperature at which the ma#er is annealed in the
rapid thermal annealing step, whereas they are
essentially imobile for any commercially practica
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re PO e L T e e R By Sbantrol [ing ot RES Torably
no @oeki nganhate of: the watendt hmough ptrk€ ctraper abum@re than
range i,n whi ch vacancies are relatively nobile. Such
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thahedueett Be puper sdensity of crystal lattice vacancies
in the cooled wafer prior to cooling the wafer bel ow
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relativel y nobile. . he tenperature of the anneal ed
va St S oy SHec Bh SR TALD FahGe endoValanerel
quidikfifuse .tQ,t he wafreresuyrkace randabecoor tanni Kicl/atednd) to
| eading to a change in the vacancy goncentration
a tErpFIrPéUrthe fedeent thPNsGORUChange déplids 96Rafke than

abol®Ngkh ot timg thenanneal ed vaferhs mRiNLA ned.at .a
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depeenpertatipoe, thiet hogdeateltemprpertatrer. es Famd ckemgee,

di ffusi on tinmes generall | eading.tq i ncreased
SeVEEPUSFON RN GederaP s LREShvEPRgE Cootrng r &t 8% FSRE)
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vacancies are practically imobile ge.%., about 950 C
seVﬁrpé ﬁﬁ@ﬂéﬁébﬁ?-g-r at least about 2, , 4, © or more)

may be required for temperatures near 950 °C to sufficiently
reduce the wvacancy concentration.

[0048] Once the annealed wafer is cooled to a
temperature outside the range of temperatures at which
crystal lattice vacancies are relatively mobile, the cooling
rate does not appear to significantly influence the
precipitating characteristics of the wafer and, as such,
does not appear to be narrowly critical.

[0049] Conveniently, the cooling step may be carried
out in the same atmosphere in which the heating step is
carried out. Suitable atmospheres include, e.g., nitriding
atmospheres (i.e., atmospheres containing nitrogen gas (N;)
or a nitrogen-containing compound gas that is capable of
nitriding an exposed silicon surface, such as ammonia);

oxidizing (oxygen-containing) atmospheres; non-oxidizing,



no nore than 2 0 C per second, nore preferably no nore

t han about 10 OC per second, and still nore preferably
Wm00se@s3 han about 5 C per qgcond [0047] PCT/US2008/068287

Alternatively, the tenperature of the anneal ed wafer

followi ng the high tenperature anneal may be reduced

quickly (e.g., at a rate greater t han about 2 0

r.at e an 1 0C
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nitro%en gas (N 2) or a nitrogen-containing conpound
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out-diffusion of a small anount of
to regions of the wafer that are within about 3 microns of
the silicon surface. In this context, a substantially
uniform oxygen concentration shall mean a variance in the
oxygen concentration of no more than about 50%, preferably
no more than about 20%, and most preferably no more than
about 10%.

[0051] In one embodiment, the epitaxial layer is
formed in conjunction with the annealing step detailed
above. In this embodiment, the annealing step is carried
out in the epitaxial reactor. Upon completing the annealing
step and epitaxial layer formation, the cooling atmosphere,
cooling rate, or both the cooling atmosphere and rate are
controlled as detailed above. That is, in one variation of
this embodiment, the atmosphere after the anneal and
epitaxial layer formation is an oxygen-containing atmosphere

that is capable of oxidizing an exposed silicon surface.



oxygen fromthe surface of the front and back surfaces

of the wafer, the resulting anneal ed wafer has a
waesvedss al |y uniformintersgitial oxygen PCT/US2008/068287

concentration as a function of distance fromthe

silicon surface. For exanple, the annealed wafer wl|

have a substantially uniformconcentration of
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[0051] In one enbodi nent, the epitaxial |ayer is
confgded nion téenjcerdtingn awinpls phike cannéakicnd 1seep vdettaiel ed
bove. I n this enbodiment he.annealing step is ..
oo R 58 Bt 5 FroTRE COp R ST SRt o BUsh eCBmEretiA
ratbheé rapneaki Bgnshep ngndcapitraxivak ltayehef eembirarurthet
.cool i ng atnospher e, coqling rate, or both the coolin%
whighnyspRerd eand tfaPeé 2&ite CEIRtYr oM Pedias dét-gi-lredPabdve>0

°C)TH§tpE%feE%bq n¥aklogkl @n 4ef shhics: %%QOQE%%%Hy thee
at nosphere affer the anneal and epitaxial [ayer
prefferabtlivomoi sloar ckpgerboont 4i0ni°Ag retrmssplede ehat sitg 11

mor R EReerShad) oLy, RG Aeidpher & LM SFEaPErabl y
AlteenbaiiRea vharhieak cppessuie comagxygercaficad keaskiagbqut.g.,
at g'gg%e greater than about 20°C/second) to a temperature
of less than about 1150 °C but greater than about 950 °C,
and then held for a time period between several seconds to
several minutes, depending upon the holding temperature.

For example, at least about 2, 3, 4, 6 seconds or more may
be sufficient for temperatures near 1150 °C, whereas at

least about 2, 3, 4, 6 minutes or more may be required for

temperatures near 950 °C.

V. Polysilicon Layer

[0053] In one embodiment, a polysilicon layer is
deposited on the backside of the highly doped substrate
before the annealing step described above. The grain
boundaries of the polysilicon layer serve as a gettering
site for dopant. In general, the polysilicon layer may be

deposited by any means conventionally known in the art. For



at nospheres (atm , or 1,000 parts per mllion atomc
(ppra) . More preferably, the partial pressure of
W@zopgees18h t he at nosphere wi bl be at | east aboRCT/0SBOR068287
atm (2,000 ppma), still nore preferably 0.005 atm
(5,000 pprma), and still nore preferably 0.01 atm
(10, 000 pprma). [0052] In other variations of this
di t,, .t l.in e e
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20C/ second) to a tenperature of |ess than about 1150
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diolk¥e E%&&Q@t%%%“e%%dse!%r Lrseeonds t oosevel@lsFETs and
m nutes, depending upon the hol ding'tenmperature. For

JFE@ﬁaan@lSaﬂlBéasﬁ aboop Zay 3Intepdedp tsebendssérigprae or
comTBY. R be suff|C|ent for tenperatures near 1150 0OC ,
ﬁﬁéreas dt "l east about 2, 3, 4, 6 mnutes or mor e
may be required for tenperatures near 950 0C . V.
Pol ysilicon Layer [0053] In one enbodinent, a
polysilicon layer is deposifed on the backside of the
vr.hi ghly, gq%ped substrate before the annealing step
descri bed above. The grain boundaries of the
pol[P95I5i] cofihkayer 1sering agnalg@nteanQX@mpéefdﬁ provided

co $9B30L L general, e Belysil Leanclarel ay becs on
Thedlibweh@hiexarpbeldt hetpokysikieed kayehymay Bee details
deposi ted by chem ca

provided herein.

[0056] A single crystal silicon wafer doped with about
7.86 x 10'° phosphorus atoms/cm® is exposed to an ion
implantation process wherein silicon ions are implanted into
the front surface of the wafer. The silicon ions are
implanted with an energy level of 50 keV such that the
substrate has a concentration of about 2 x 10" atoms/cm® at
an average distance of about 1000 A from the front surface.
The ion implanted, highly doped substrate is then annealed
at about 900 °C for about 120 minutes to form about 1.3 x
10'° dislocation loops/cm’ at about 1000 A from the front
surface. An epitaxial layer is then formed on the front
surface of the substrate, the epitaxial layer being doped
with less than about 4.8 x 10'° phosphorus atoms/cm®.
Transmission electron microscopic analysis at 75,000 times

magnification reveals the presence of the dislocation loops,



vapor deposition using silane (SiH4) gas and arsenic

doping, as nore fully described in U S. Pat. No.
WG2009206180 or 5,310, 698. [0954] Silicon struckCr/ES2008/068287

manuf actured according to this invention nmay be used

in various technol ogi es. For exanple, the silicon

structure of this invention is suitable for use in the

f act f. powe [ : S r ,di S

2 TRot 2ol e dna PO R ERaRY SIPArRehelr MR P perrecs
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restrictive or conprehensive . VI. Exanple [0055] The

following non-limting exanple is provided to further

illustrate and explain the present invention. The

i nvention should not be [imted to any of the details
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wafer. The silicon ions are inplanted with an energy
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epitaxial layer as "N" or "P" should be understood to also

1cgtly

refer to substrates having doping levels conventionally
referred to as N- or P-, respectively.

[0058] In view of the above, it will be seen that the
several objects of the invention are achieved and other
advantageous results attained.

[0059] As various changes could be made in the above
products and methods without departing from the scope of the
invention, it is intended that all matter contained in the
above description and shown in the accompanying drawings
shall be interpreted as illustrative and not in a limiting
sense. The above description of the various embodiments is
intended only to acquaint others skilled in the art with the
invention, its principles, and its practical application so
that others skilled in the art may adapt and apply the
invention in its numerous forms, as may be best suited to

the requirements of a particular use.



di sl ocation | oops 42 may be observed. [0057] When
i ntroduci ng el enents of the present invention or the
wWoe@beodiedl enbodi ments (s) thereof, the articlBGI/US2008/068287

"an", "the", and "said" are |ntended to nean that
there are one or nore of the elenents. The terns
“conprising", "including", and "having" are intended

to be inclusive and nean that there may be additi onal

el ements other than the listed el enents. Mreover
WHAONIIES STAXPIEDCIIESl:y not ed ot herwi se, reference to the

heavi ly doped substrate as "N+" or "P+" should be

understood to also refer to substrates having dopi ng
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sur@eAMeB ke highly doped silicon substrate to form the

epitaxial silicon wafer, the epitaxial layer having a

resistivity of greater than about 10 mQ*cm.

2. The process of claim 1 wherein the dislocation
loops are formed by ion implantation of the highly doped
single crystal silicon substrate and an anneal of at least

about 750 °C.

3. The process of claim 2 wherein the implanted ions
are selected from the group consisting of silicon,
germanium, helium, neon, argon, xenon, and a combination

thereof.

4. The process of claim 2 wherein the ion implantation

is carried out at an energy level of at least about 30 keV.



1 . A process for preparing an epitaxial silicon

waf er, the process conprising: formng a | ayer of
wale@bpoeass on | oops in a highby doped single crpGr/Eb2008/068287

silicon substrate, the highly doped silicon substrate

being the slice of an ingot grown by the Czochral sk

nmet hod having a central axis, a front surface and a
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axis to the circunferential edge, a resistivity of
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do gnot Text end ke sf bent18uhf aceneand ndepesi-hinkgian s
epitaxial silicon layer on the front surface of the

cargilghl pudoped sitl ileas tsabstitatle segohdsm t he epit axi a
silicon wafer, the epitaxial |ayer having a
resistivity of greater than about 10 mMWcm 2 . The
pr ocesghef pebakmsl oshereiim tthehdirsliocaticon ilybags daped
formed by ion inplantation of the highly doped single

sildepgt gUPSItIREEN COTRSEFREe 28nd - 5Hp§nﬁ€ﬁﬁn6f at | east
about 750 0OC . 3 . The process of claim2 wherein the
i mpl anted ions are selected fromthe group consisting
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ation thereof r ss..of . ¢l aim
1SR Sl CORBRARES: Fof LE i oy (ot Tl he group
conelergwngl evelp,ofsat skheashdakouii3@ tkeYsS thellhe fr ocess
of claim2 wherein the ion inplantation step inplants
at | east about 6 x 1013 atons/cm 2. 6 . The process of

claji m 2pwher %b%s%h%fa%ﬁ%%%.ﬁsw%% Rl 6d aut 1 %%1§tdb%%%1
about 3 seconds. 7 . e process of cla|n1 wher e
siluh@nhﬁngyraape@omprlses a P-type dopant.

10. The process of claim 9 wherein the highly doped
silicon substrate comprises a dopant selected from the group

consisting of B, Al, Ga, and combinations thereof.

11. The process of claim 1 wherein the epitaxial layer

comprises an N-type dopant.

12. The process of claim 11 wherein the epitaxial
layer comprises a dopant selected from the group consisting

of P, As, and combinations thereof.

13. The process of claim 1 wherein the epitaxial layer

comprises a P-type dopant.

14. The process of claim 13 wherein the epitaxial
layer comprises a dopant selected from the group consisting

of B, Al, Ga, and combinations thereof.



silicon substrate conprises an N-type dopant. 8 . The
process of claim?7 wherein the highly doped silicon
wausve@Ese conprises a dopanbssel ected from t hRCTUS20p8/068287
consisting of P, As, Sb, and conbi nations thereof. 9
The process of cIa|n11 wherein the highly doped
silicon substrate conprises a P-type dopant. 10. The
process of claim9 wherein the highly doped silicon
substrate conprises a dopant selected fromthe group
consi.st iThg ofroBessAlof Gaeimnd w@&hkﬂatkh&SepheB&dbl layer
. é;. The process i iml mher in the eg X|aI | ayer
1s CERPPISES an ﬁﬁ%ﬁ& &SEEnPf f§ ﬁétp@&? of™cl ai m
11 wherein the epitaxial |ayer conprises a dopant
sel ected fromthe group consisting of P, As, and
cortsi-natfhensrokeseobt t3aiThé pugcéss SPTEIrAISINY
r h itax [ P- t a
dep?git_‘i?hg, ‘Br 2@ r % goly%ﬁéc\%ﬁgr%é %%t%hgaeck lél%‘%f%%% B the
highayedopedpriises ca cagpantl seue@bedsbbemmbhe @e@ume the
consisting of B, A, Ga, and conbi nations thereof. 15.
anneRd 19PoEEEE - of claim1 wherein the epitaxial layer is
deposited to a thickness of at |east about 5 cm 16.
The process of claim1 further conprising depositing a
| ayér- offhpolysickissonforleha Bavkegernfatdeoflatyke hisghlty a
ped single crystal siligon_sub rate b fore the
dep%%n@%lF 1 @g% %%? tTﬁgopgogess %%‘ IFaj n11 wﬁe?gﬁnoéhghe
highay/eﬂopedatsﬁl@e@t hudftat tkeast about 100 A fromthe
front surface of the highly doped silicon substrate.
18. The process of claim1l wherein the |ayer of
di glgocatri,an 'r%ee%sh%% 2160ncentiation oheat Jheast ¢
about 1 x 18 | oops/cm 2 .
dislocation loops has a concentration of at least about 1 x

10° loops/cm’.

19. The process of claim 1 wherein the layer of
dislocation loops has a radial width of at least about 10%

of the radius

20. The process of claim 1, the process further
comprising:

annealing the highly doped single crystal silicon
substrate at a temperature of at least 1150 °C to dissolve
pre-existing oxygen precipitates; and

cooling the highly doped silicon substrate from the
annealing temperature to room temperature,

wherein (i) the atmosphere of the annealing step is
controlled, (ii) the cooling rate is controlled during the
cooling step, or (iii) the atmosphere of the annealing step
is controlled and the rate of cooling during the cooling

step are controlled to install a uniform concentration of



19. The process of claim1 wherein the |ayer of

di sl ocation | oops has a radial width of at |east about
waewebsishe radi us 20. The prgcess of claim 1 PCT/H82008/068287

process further conprising: annealing the highly doped

single crystal silicon substrate at a tenperature of

at least 1150 OC to dissolve pre-existing oxygen
vacB%%ﬁ%g'Eﬂtﬁﬁe %stﬁg h%n% %@%aﬁ' thc%%p%gbékkh%%n the

substrate fromthe a nea ing tenperature to ro
unlﬁemmeb@hueetrwhebelbe@mp uheu&ﬁunsphereootathéyze oxygen

anneal ing step is contrall %Ei) the cooling rate is
Pre&&ﬁﬂF&Fﬁg& d&r@ﬁgoﬁﬁ a&&&Puﬁée &p Lo i e?ttﬁgeatme“t

at nosphere of the annealing step is controlled and the

rate of cooling during the cooling step are controlled

t oZilnst 8hk ®raneber mfconeent Pat bR refivacasc |aé1§1e|ar1 inge step
and %o@9%§P %%%a% %E%&Q% %HQ% %%t a %E a% @1ed out

entratiron bei PASUfTicient to catal ze ox

in mmecepmbabp@aremuan mhedabboﬁngreaeplhatbamrled out after

heat-treatnment. 21. The process of claim2 0 wherein
depPﬁétéﬁﬁe§P|nﬁpéﬁéﬁléﬁdsaéﬁ6§PtﬁﬁgeﬁheaéﬁiF&ﬁu §Poling rate

is Sl heeR laver sareccanni edeul iR okhensanerappanat us,
the cooling step is carried out after depositing the

tem@@mﬁ&mm@lt@lwh@omemaﬁeﬁtuaﬁdaﬁh@he@@lNﬁgam&u38|@rﬁo
nor. e t anl%_%bgl%er second fromthe annealing
wﬁgraQUreHi € tenperature at which vacancies are
practlcally i mmobile. 22. The process of claim2 0
wherein cooling the highly doped silicon substrate
coﬁﬁrlsg§ec@6PPﬁ§SanaCé§6W|ﬁ@ FREE SgPe &P itRake Highly

dop%%fs%qgg%g ﬁ%@%&%@ea%%%ﬁkﬁ@%st%%Bq 13LULE %Oc%ollng rate
tenperature of less than about 1150 C but greater than

greayeut t950 €O, @n@eKhSRCb@Udﬁm@HIh@es@D@Eﬁéﬂ@gmﬁempﬁrature
to Whig fLemerature nange for af | east ;gboyt 2, seconds. ian
about 950 C, and then holding the substrate within this

temperature range for at least about 2 seconds.

23. An epitaxial silicon wafer comprising:

a highly doped single crystal silicon substrate that is
a slice of an ingot grown by the Czochralski method having:
a central axis, a front surface and a back surface that are
generally perpendicular to the central axis, a
circumferential edge joining the front and back surfaces, a
radius extending from the central axis to the
circumferential edge, and a resistivity of less than 5
mQ*cm;

an epitaxial layer on the front surface of the highly
doped silicon substrate, forming the epitaxial silicon
wafer, wherein the epitaxial layer has a resistivity of

greater than about 10 mQ*cm; and



23. An epitaxial silicon wafer conprising: a highly
doped single crystal silicon substrate that is a slice
Wotooamodisgot grown by the Czeehral ski nethod hewI/ng008068287
central axis, a front surface and a back surface that
are generally perpendicular to the central axis, a
circunferential edge joining the front and back
surf r adi di r L, raxi
The arroumt&r CAra o bos. ARE  Felt ot For by oo edhedein
thetd&mlﬁcmﬁﬁ@ml;o@pseﬁ@tammabxh&mdrt@nthbelhmemﬁaserb&¢®een
U%}he h|%hl doped si.licon sybstrate, formng the
theeﬁl Sxi 4l 905 SwWEPer2Xther ePNSChe epitaxial |ayer
has a reS|st|V|ty of greater than about 10 mWcm anda
| ayer of dislocation |oops in the substrate, wherein
t hé4di sTbeaticérrl 06psldamnet @%ﬁéﬁdnt@hﬁh@lgﬁﬂgrﬁ@@@d
t bst d_th axi ayer. 24. The
8119% gfgo 2?3%%1%§%%%gﬁggn %hg %&5% o 8ng silicon
substrate conprises an N—type dopant 25 The wafer of

claim 24 wherein the hig ed silicon substrate
corpri sééca W&éﬁénpfséﬁéépe§4 gﬁF€H€ Greupieonyi SOPRE

SllQEOR subSt rale %@%p%qgghn%tb%@%n%h%%ﬁ%kte%6frE%EtW%f%&oup
claim 23 wherein the highly doped silicon substrate

con@oﬁmﬂmgegfaPP fype Sthopant. c2TbiThe iwaerthefreclfai m 26
wherein the highly doped silicon substrate conprises a
dopant selected fromthe group consisting of B, Al,
Ga2 cand Teenbiafati oifs ciheneofs. wh8reThe twaf er gofl vClaibed
23 wherein the epitaxial er conprises an N-type

Slld@ﬁ§n§Ub§§ra?ﬁeCW@PéﬂS§§ @I§ “rYPeg ARREFéi-n t he
epi taxi al | ayer conprises a dopant selected fromthe
group consisting of P, As, and conbi nations thereof.

27. The wafer of claim 26 wherein the highly doped

silicon substrate comprises a dopant selected from the group

consisting of B, Al, Ga, and combinations thereof.

28. The wafer of claim 23 wherein the epitaxial layer

comprises an N-type dopant.

29. The wafer of claim 28 wherein the epitaxial layer
comprises a dopant selected from the group consisting of P,

As, and combinations thereof.

30. The wafer of claim 23 wherein the epitaxial layer

comprises a P-type dopant.

31. The wafer of claim 30 wherein the epitaxial layer
comprises a dopant selected from the group consisting of B,

Al, Ga, and combinations thereof.



30. The wafer of claim23 wherein the epitaxial |ayer

conprises a P-type dopant. 31. The wafer of claim 30
wob@pe0dss he epitaxial |ayer,gonprises a dopaneCT/US2008/068287

selected fromthe group consisting of B, A, G, and

conbi nations thereof.32. The wafer of claim23 wherein

the highly doped silicon substrate is substantially

free fr 0X reci;pi:t ate | ei r.of

cl i 23 enerery Dot B r oy R natisn Tobng. Ceede
51lac@apBMbetrateleaseu@bmamtlaﬂl& Em@@mﬁh@mn@k@@bace

bet ween t he ﬁybstrate and the epitaxial layer. 34. The
PrefaPer-3¢f GU&itmi23 wherein the |ayer of dislocation

| oops has a concentration of at |east about 1 x 108

| oops/cm 2. 35. The wafer of claim23 wherein the

| ayser- oﬂh@i@Bé@étpéncﬂ@éﬁs2@a§h§rﬁé@i&meml@Wﬁrobfat

dish%%%%i%%o%%o %%ﬁ%fa%h% %%%E%So%f h%e%%gs % 100 A from

the interface between the substrate and the epitaxial layer.

34. The wafer of claim 23 wherein the layer of
dislocation loops has a concentration of at least about 1 x

10° loops/cm®.

35. The wafer of claim 23 wherein the layer of
dislocation loops has a radial width of at least about 10%

of the radius of the substrate



