DIFFUSION CONTROL IN HEAVILY DOPED SUBSTRATES
BACKGROUND OF THE INVENTION [0001] The present invention
generally relates to epitaxial semiconductor structures, especially epitaxial

siliconovg?f%rs used in the manufacture of electronic components, and to
mEP Y R eir preparation. More specifically, the epitaxidl Gt RAYRL327

comprise a single crystal silicon substrate that is heavily doped with an
N-type dopant (N+) or a P-type dopant (P+) and an epitaxial layer which is
lightly dopselrrisa fonNcbiperet, Privnaedopant pybeteigiBetigawly doped

substrate comprises a region near the lightly doped epitaxial layer having
%ﬁm&%ﬁgn&a{:ﬁ# ofﬁr\ggﬁtﬁrgé capable of suppressing or preventing

' the epitaxial layer, thereby reducing
silicon I@Radtiditdifiaskseinto ‘S Epitaxialdagerl 1y [0002FSingle crystal

silicenxthe stasting dnateria) fos mestpracessesdor tha fabdeation of 1

serIliconductgr electro ic.corpgonents,gs common yg{egared by the

81 lﬁOl‘i waiers usergiq in. S .ma1|'1u actgure OL”. ectroni
zochralski process, wherein a single seed crystal is immersed into
PRI SiliEon aritfittien BrowWRdsy éxtrattionr ABnrpiteatdilicon idlevatained

B QUBItZarugiblen it isontaminatad with varous ippusities, §m@1%
which is mainly oxygen. As such, oxygen is present in supersaturate
ggﬁggﬁt%at%ﬁs}/ i rtﬁges%asfgfg 5 |c§8 #/orﬁssir%]é) evéryétég]oﬁﬁcoﬁv btrgvv?]nby this

Aetied. dorIo03NDuriag theRheviveal dezntent ykles ¢ypioaky enaployéd

inthe-fabricationsofiglectronic dlevices, axygenPiggiRitate puglation
centers mzv%form an uIthate,IX£r$w inéo large ox¥ en clusters or
ir e

SrESiPitate S Bspehdifg (iSe their 168&tior “SUcH precifiates &5R e

egeficiahor tettimehtah WheAomedes irr activé devies regionsyobthe gh
Wateleihey caninyais the operationpfdhedevice  ¥hen present-outside
these redions., orygen Preciplales may serve 2o 3 detiering gl for
epitaxial layer, thereby reducing silicon interstitial
diffusion into said epitaxial layer.

[0002] Single crystal silicon, the starting material
for most processes for the fabrication of semiconductor
electronic components, 1is 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



[0004] Various approaches have been used to manage oxygen
precipitation behavior in wafers. For example, in U.S. Patent No.
5,994,761, Falster et al. disclose a process for installing a nhon-uniform
c%g@;@&?& of vacancies in a wafer in a rapid thermal angg@}ggz%lgﬁrgg);
in a subsequent oxygen precipitationeat-treatment, oxygen precipi a?es
form in the vacancy-rich regions but not in the vacancy-lean regions. In
U.S. Patent No. 6,336,968, Falster discloses a process in which
nep=0xyger precipitatipgiwaters arediepasaddy mpiddberrally annealing
the waters,n an pygen-containing atmosphere or by slpurcgoling the .,
farers t rougfﬁt e temperatu?e range at Richtvacancies are reft ively
AfolsileIet t4DH03] White fRes@téehfigues have proven useful, to-date, for
typical[giioan waigrs cepitayial wafee strugi escompesing bighly seped
substrates present samewhat diferent shallenges. For eample,.
Unéantrofied o ygen precipﬁaﬁon IN heavily §opéd substratés tan‘lead to
the gehetaticn ¥ refatRy Thfe Eencdmtratitng of siliconlosiE-intepsinslss
ab high teperatureshacauseretthelb epussion:-dyrng oxygempracipitate,
%rofwth. .%elative}ljy#argg con entratioqsé gf gﬂg:g%self-intersti jals, in turn,
ean(f3 fo %)roraﬁolfg diffusion of o;a)gﬁ? for other |mepLFfit|le%)?roSrlﬁ ﬁ%qrﬁge;ﬁﬁ/
dspedsubstraelined the ners lighty doped devicedayer shepaliptes
@@lgefnt&a{!ytal&eRi@g&nw%kseﬁr@@f{iﬁgsb@?chm@@ q\@'@ﬂ@fheg@@&gomn
voltage, in some power devices. As such, if the numper of silicon
Fn?grls%ﬁ%ﬂs n%e%rqhg’eﬁif’atxelgltla@%f W%rgg%’dgu%%d,%ﬁ G&ioh 6F-86p8AE M8
the devicel kayelr \Wwodultbbe rataree do rSUNMNIZR YTOFERENVENTION
10Q06]-Amang the varions.aspecks of the pregephinvantionsis; a pracess for
sugg;egsingtsilicqn self-intersiitial diffusE)on from a heﬁtlvily doped substrate
ftd S hghty Hoped Eptatia tayertin Bpitakial SificSR SriEiufes afid the®
tésuitiag sthectbrewgyertse [000 T Briefly viherefores oreiaspectof the
prasantiayentign:isan epitaxial silicon wafer comprising a single crystal
silicon ate that is heavily doped with an N-type dopant (N+) or a

D typelOLANT (U9 (50 NGk BRI OrIEmAaRE TN Ann
epitaxiaf tayervwhich islighthpdopetiewith @ N-typeadr Pafigie dooantlires
bawing 3 1esistivity10f greater than about 40ruxem). Jheheavily doped
gugitrate 1(_b:om}Pr'isles a siliconF self—intersHtial sink Iaﬁerfp v(iggﬂaé})opulation
of distoEAtiory Ic?opseré %%ble o?rsu%f)?g?sﬁg diffagion 8f sificoR s&lf-"
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.




interstitials into the epitaxial layer, wherein the layer of dislocation loops is
at a depth of at least about 230 A from the interface between the substrate
and the epitaxial layer. [0008] The present invention is further directed
t or preparing such a wafer. [0009] Other OP

fgﬁt)u%!éagg @? ?ﬁ%s invention will be in paft apparent and in par %eégu‘ﬁﬁzeék 203?287
hereinafter. BRIEF DESCRIPTION OF THE DRAWINGS [00010]
Figure 1 is a schematic representation of a highly doped silicon substrate
withvatightly doped epitaxiaitayer wafer, wherein the substrate comprises
a silic sinterstitial sink layer comprising. dislocation loops. This figure
ot B e B R BB ot of a
Rty doped siligoREsUisstFate U GERRIRG F6R Impidritations This figure is
netta-sealeial diffusion from a heavily doped substrate into a

lightly doped epitaxial layer in epitaxial silicon
structures and the resulting structures, per se.

[0007] Briefly, therefore, one aspect of the present
invention is an epitaxial silicon wafer comprising a single
crystal silicon substrate that is heavily doped with an
N-type dopant (N+) or a P-type dopant (P+) (i.e., having a
resistivity of less than 5 mQ*cm) and an epitaxial layer
which is lightly doped with an N-type or P-type dopant
(i.e., having a resistivity of greater than about 10 mQ*cm).
The heavily doped substrate comprises a silicon self-
interstitial sink layer having a population of dislocation
loops capable of suppressing diffusion of silicon self-
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 dislocaticn

loops. This figure is not to scale.



[0011] Figure 3 is a schematic representation of a highly doped silicon
substrate after ion implantation and an anneal to form dislocation loops.
This figure is not to scale.  [0012] Figure 4 is a TEN photomicrograph

s%vg%go%qggn-view of dislocation loops in the silicon self-i itial si
layer at /75,000 times magnification. 4 [0013] With respec??c? {ﬁgg@éﬁé?é7

corresponding reference characters indicate corresponding parts
throughout the several views of the drawings. DETAILED DESCRIPTION
OF THERREFERREIER EMBORIMENTStic KROt4dameeardance with
815 aSPaELALng prasent Juentan NiNg, PIB L, N/E s, oL Bl eplizial
silicon wafers may be prepare&wn a region comprising cﬁglocatlonlloops
tapable 95 iifignes a§inR 81 Silicon selfinterstitials near the epitaxial
layer, toerby seppressing diffusionHsie the: epdaxiad dayer: Idis segion is
referred to herein.as a "silicon self-interstitial sink layer,” the "interstitial
e o Gra Semny (e PP laser - LtGorel Refbraso s Fare”
anepitaxial Warek Feshiptisessilitenrsubstiatesld, iepitaxiaslayer 140 and
siicon, self-interstitial sink layer 14. Silicon substrate 10 is doped with an

N- or F[)E)W?E]doe%%tuaﬁgd é?plitgxéalﬁgb\/llegvhotomicrograph showing a
plan-view of dislocation loops in the silicon self-
interstitial sink layer at 75,000 times magnification.

[0013] With respect to the Figures, corresponding
reference characters indicate corresponding parts throughout

the several views of the drawings.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0014] 1In accordance with one aspect of 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."

[00185] 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 deopant and epitaxial layer
11 is doped with an N- or P-type dopant, with silicon
substrate 10 being heavily doped relative to epitaxial laver
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




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 hlghly

doped
s %E nto more lightly doped épitaxial layer 11 as a Férﬁ?ﬁz%)ﬁ/%srzm

example, the growth of oxygen precipitates. [0016] In one
embodiment, silicon substrate 10 has an essential absence of oxygen

piecipitate-pyglei tg further reduce the patentabiprdiffusiongkdopants
and ather impurities into epitaxial layer 11. That is, oxygen precipitates will
RoE fan i Hi& ‘embodiment during an oxygen precipitation heat treatment

(e.g., dRd&lng e gvafeeat @temperateire of 800sCofor feuehdlrsandan
thenat alenpe@ive ot 1999g@nf %%?ﬁ@é&‘%‘é’ S%u'c@@'f%s upstrale:

[0017] Referring again to Fig. 1, silicon substrate 10 is derived from a

sHgIEerydal %ﬁl’b%?wt\?vﬁ%e%t‘#afsfﬁééﬁ%l|%£dc%?é)ﬁ1n5§|r?@lcé &YR8i ingot
growniby €z ochtalskpcnestabdrowingemethodghzhe isinglexerystal silicon

waler pas.a cenjyal axis; @ ronf surface:and akrck.sHrfage.hal arg

generally perpendicular to the central axis; a circumferential edge and a

Pﬁ%@%)&éﬁaﬁ%ﬁﬁm e efiral AL TS tre EicBnfeféntarddde “rhe
wafer mety betpolished-oralterngtivelt ittmayfbe fappedanchetciied ut

not plished.. in.additian, ghe wafer may have yagangy 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 gehterrtocedge, or it may contain a central core of vacancy

dominggen mategiak sprrounded, by an,axially Symmetticing st rare 10

self- mterstltlal dominated mateérial. [0018] Czochralski-grown silicon

typicaiy Kes it Baneﬁ%kﬂ%@erﬁFé’tF&r%vut‘HMﬁﬁaH@é% 5351680
about@ X 10l l-atoimg/ten 3 (ASTM standardyFe121:83)C Ho gerrerak the

single crvgial sHiconwaleamay have angx¥0eystal silicon wafer
has a central axis; a front surface and a back 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. 1In addition, the wafer may have vacancy 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). 1In

general, the single crystal silicon wafer may have an oxygen




concentration falling anywhere within or even outside the range typically
attainable by the Czochralski process. [0019] In one embodiment, the
single crystal silicon wafer comprises an axially symmetric region which
has radial width of at least about 30% the length of the radius of the wafer

antPHAL 8 §Rtectible agglomerated ifitrinsic point defects dta YSTEMSHS7

limit of 3 x 103 defects/cm3. The axially symmetric region may contain
vacancies or silicon self-interstitials as the predominant intrinsic point

defestnt ra {0820k Repanding ypanthe,cealing sate.obthe singlg crystal
silicon in%ot,fro%the melting point of silicon (about 1410 C) through the

rEhyE of 4BOGE 759 @160 0°€, G/ Jer predplihte Rugf:ion
centerd @83y fornirinthe singledénystdl siliten fmgatlfeorrwhich. the. Silicon

waterdssliges: da ong.embodiment, the silicon wales,PQssesses,suci gi a1
nucleation centers. In another embodiment, the silicon wafer does not.
(6521 THe &ingt& 1Hs & Sicon WatsFis iy A5pLdSvith ShefoPdrae
Natype emR-type dopaistsedypidal Ndyperdopants includenghospharous,
senie,and antimery.nane gmbodiment, thesdgpant.issphosphorgus. In

another embodiment, the dopant is arsenic, while in yet another, the

4apant % SR fn BT tHerémbotimeht, 75 BF n6ie BF phosphdious,
arsehid,raed sintimeny are used as«bpantsntypicat Prbipe dopants
igckude boron, aluminum, and gallium. In one embodiment, the dopant is
boron. In another, the dopant is aluminum, while in yet another, the

dopant&%Fiun? IR2 firtfer Bitb fifn&ifC twborinbte Of bidtensingle
aluysinain sand galliimeare tised ashdopants. Regardiess of fie dopant(s),

P S s e R
PB+C, oxygen precipitate nucleation centers may form in the
single crystal silicon ingot from which the silicon wafer is
sliced. In one embodiment, the silicon wafer possesses such
nucleation centers. In another 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 legs than about 5 mQ-cm,

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



silicon. In one embodiment, the dopant concentration is sufficient to
provide the wafer with a resistivity of less than about 3 mQ.cm. In certain
embodiments, resistiv ties of less than about 2 macm will be preferred. In
y%& (())Ehoes)rm%gnskgodiments, the dopant concentration is sufficie}gct ,}/o rovide
the stberate with a resistivity of less than about 1 mO.cm. ?f’élgl?ﬁsg
resistivity values noted above correspond to an N-type dopant
concentration that is generally greater than about 1.24 x 10" at/cm3. For
example.. therheayily doped: wafer, mayshave MrtyRe gopantts) frgsest in a
co?%ent{ati%nt%\reater than %Rout 2.25 X l({'hat/cm:%, sugh as gre%te{ than
about 3.43 % 10" RiIGHT Tn'ohe pPreferred émBodiment. the hgalily doped
Wadar hasN-typatiopant(S)present im seabecéneation greatertthahtalssut
486 xJ0"@dlemaimilaglyndhe fegistivity yahies npted above crrrespaad
to P-%pe dopaqlt concentration that is generally greater than about 2.1 x
Fd“ga CHS ot eXAMpERE AT dd5ed Warer niky havePlype
deopant{s) presembista concentiationigraiater thany abbut 857 xth@hatbmB3;
such as,greater than about 5.7 x 10" at/cm3. In one preferred
embodiment, the heavily doped wafer has P-type dopant(s) present in a
concerfi3fiéh greater thart ah8ut 1.7 $ 1550 A/ehes A o&fficoR™ e spond
Selfaimtdirstitied Silok Latyeronc400238} Referivg agaiwto &g 11, ysiiceater
sei-ntarstitiaksipk layen 14 comprises |, population of digloeation iops
15. In addition, interstitial sink layer 14 is present over a substantial radial
ArER o e ater 1Rthe Snb¥BfimenRt itistied iR TG 11 thé interstitial
sinkdayer extends aeross thé entisd diamtéd ok siibStrate/t° Althatighe s
Hys grabodiment ispreferred, the dnterstifighs sink layermay nat exignd
over the entire diameter. In general, therefore, interstitial sink layer 14 will
REGRPEMAS witih BPAY el 3Bt 150t theIeNgti et tRevaRiusdf the
wader Ty picaly dhecradiakbwidih witldee greatern febexample atdeast’
about,25%g mare.typjcaliy,at least abopt 3p%, andsstilbmare fypically at
least about 45% of the radius of the wafer. Additionally, interstitial sink

/TSP MY b8 Pricd’RE oSS TY 1468 1374 Pbieiblé 86 Idrig as the
distecatidy |anps: temohextenidototfatel13. iietstitidbsink |aer kkisple,

preferably;ata depth of atdeastabaut, 100 A, morggueferably gtleast. i,
about 250 A, at least about 600 A, at least about 85 A, or even at least

bGP 1306°A etV it 13TRIGS)or the cBrbSpoRdingfintefiade 8
between sulbstratedld ahdepitaxX & layéed’l (Fip 1)ne 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. In 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



[0024] In general, dislocation loops may be formed in a series of steps
comprising inducing damage to the crystal lattice structure of a substrate
to create a layer of amorphous material and annealing the damaged
stvrvuc;glojrsdo'gpi;‘s processing forms the dislocation loops of the interstitial sink
Iaygr, Pyplcaﬁy adjacent to the layer of amorphous material FFH& 520081068287
dislocation loops developed in this manner may be, for example, perfect
dislocation loops, Frank dislocation loops, or a combination thereof.
Referring again {o Figuie.d esiticonselt-intetstitinl sink layer A liesn
beneatq epitgaxial ayer 11 such that ,th? disloca{ion Ioogf within silicon
dERSAtersttiarsinkayer 14 areShatintcortiet with ife sibStrate/Apitaxtl
laramterfacd. Prieferallyatierefors; thistserdes b stepyisicardriedieut in a
manner orminmizeany, negativedmpactupon-epitaxial layer 11 of the
surface upan which epijtaxial layer 11 wijll later_be grown. This may be
SERRVRE, foF BAPUIE. By IHpIARORG GRS HhroUbH (HE Fioc 8P A lostrate
asdsgrowingt tie epitaxdal dayel subsequept te iokvimplaitation aPhet 45%
aanealing.sieps whereRy diglecationlgepsiare.developednthe. damaged:

region, may thus be carried out, at least in part, before, during, or after the

epHEXial Hefosittsn Stepe? D025 KRedArdiBSS of thé mBARS By whidiP

ey ase fobmed i e cencentratiopofddistoratntleopstin thecsilidon
seifntarsiitigh sinkJayer (zat least about 4. x 108 lopps/caa, Rreferably,

the concentration of dislocation loops in the silicon self-interstitial sink

ﬂae;?esrtisaem@ﬁstl%oét 1% 169966pEFAN2 Yslh HPAt1edRP abott & R 10%F
loops:/arecor ev@h At least hbout lakdd] Sigbps/cm2. evej0826] Referring

aeyto Fig2.athedfpymation. of g silicon selsigterstitigl sipk Jayer in
accordance with a preferred embodiment of the Eresent invention

EBRTSHTEE AhPRANtING OACT- RAFSITGH 120 4576 Subhrars 6Ppréfetably,

treyémplanteébiignsiare electrically isoelectronic, neutral, or inert to

minimiggoagy effectupon the elecliopic properties, of substrate- 10, £or;
example, the implanted ions are preferably selected from the group

Rofi&fsting 6Fsific6RS gERMBRRTHY Aetitiit Tedn CART Xehor St Yo tat
tenthinationsutheresf. i oneseimbodimentpthe-emplanteddgns aré silicon

1005 germanium ians, or comhination theregk, In Qne particylary

&)}rleferred embadiment, the implanted ions are silicon ions.

is 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



[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 im%Iantation
d2PA IR Py from D by about 5%,910%, 15%, 20%, 259 OF S PRt
creates a zone or layer of amorphous material containing a relatively high
concenration of implanted ions at or near D, with the concentration of

implanied-iensidecreasing.iosy R in the disctionofdacsid and imibe
o$§os¥[e direction. Target depth, D, may also be referred to as the = |
DrORtted FaRGEr TPt IGHE T CTo0s8IHR Géferat he diktbdation
foepsiwik foun atdherendnof range df¢hedmpladtedhionsa witletise: eind of
fange generally being deepgr inta the substraie than thepreiected range.

That is, dislocation loops form at the edge of the layer of amorphous
fr&Rrial farthest from face 13. As such, Fig. 3 shows that the interstitial
sink lal@e2, whieheisdhese fulfy developet:ira latersgtephesyforneed
appraximately in the regiop; oftherwafen adiacery te dhgdmplanied ions,

away from face 13. If the dislocation loops of the interstitial sink layer

Bkt to Tacd 13" théy idy feofartizé & Yepbsitiort B3 Ardbdt: L *
tonsistemt pitaxiaPleyge orithey may leadderpropagationfotdefents,tsuch

asdbreadingdislacation, defedts; inta 1he epitaxial;layer,, o 0029% ¢
Accordingly, target depth, D, is such that the subsequentTy formed

IRa5EafbR toops to ot EXE&Td T8 the"ditadé upbn-whch 8RS Bpitaxial 0"
laygrig dofmed: oete the cotresporading tsubstrate/epltasiad layér interface.

This tT@@ééjFptHé@Q}‘Pﬁ%’;e%ﬁ'O@@ .91 just helawsface 13 putlp is more
typically at least about 250 A. In one embodiment, D is at least about 500

AR CHbARH EmMBSaTTENE T's &t Eastaidut TG &I e fither =0 @
emifedineentidigiabout 1000tAepyetarfurthey @embodintent; 3 ss greater

than about 1000,4.  1+[003QL \mplaptation depth may be affegted, at least

in part, by the ionic species implanted, since lighter ions tend to penetrate
forther ithtd substfate™ R 618 Given TmprnBtioh Ern&yy Thus, for
exaniglet abtandmplant eaergy of 5&key tsilivdon ions evil havefdr @verage

Hﬂgkgﬂectronic 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




depth of about 750 A, whereas germanium ions will have an average
implant depth of 400 A. In general, ions are preferably implanted using at
least about 30 key, such as at least about 40 key, or even at least about
S\Qv keg{wl/n one application, ions are implanted using at Ieaslt) gb/glsjztog'S/o.(fsez&
and S AR about 55 key. [0031PGenerally, dislocationToops orm-at
the end of range of the implanted ions upon subsequent anneal if
sufficient energy is used to implant a sufficient concentration of ions to
fman-amorphoys laygn of siligons Jypically; the dislocafjop{ogps may
form at a d%pth of %bout %OOtA&o 300 Adbelow the imE) ante ions!Ch
SithGhgh he éXact depth maybe More of fess: Tn'general, itis thore®
diffieglt toforh dimorpAcus materialusingiowet masselements. Target
Asserdingly 2 pnuah igher-eoncentiation of lewsngss rlementsmyst be
used to induce sufficient damage, whereas lower concentrations of high
Migss BRABRES ard Slifficient to form amorphous silicon. For example,
when tH®RBplantaddens @mré,siliten dorss, ahetinlahted doselis preferabty
ahleastabaut2 X0 atame/cmg. sueh @s:afllsash abeui BX 405 of

atoms/cm2, or even at least about 1 x 1015 atoms/cm2. In one preferred

ERNSSIRTENE e TmpTaie L iorraose it &t st BbsirZ kg1 the
atomsfora2. Byngempafison, whemntiise imptantedlionssarecttie highgranass
G8HNANURLIONS, yé% i'@@'%'ﬁi@%ﬂ%% i, preferably-atleast abept 6 % 1013
atoms/cm2, such as at least about 1 x 10" atoms/cm2, or even at least

hbout B 165 nofslem. SR BHe pPéterfdtf embsdifterit. te fhplar@dtion
tosevis atteast aboat fud 101dtoaisioai?.in {0082¢ T hetenplaitedormed

sybstriate s thep annealed for; 3 fime andhat,a demperatue.to egnyel the

crystallographic damage caused durine? ion implanptation into dislocation

p€ 1554 $Hikun T Big £2°Th §8R&rdl> the Ahne3finG* triperatitei8Ht®
tgastligh 0 ¢ Rreferalyly, thenanheatingdetypetaturefisdess thantahout:950

S dpa-Rieferied embodimenty, thgrefore,implanted, substrate 40:i8axia1
annealed at a temperature of about 800 C to about 925 C. For example,

il ddbsstrdtevid PRsy b2 BARBAREACAbGAL 8865 tit gBRERalSS
ihptsttedsubstiatealQ will defannealethfor atieaspatfenisecdngsii.e., at

least o3 42 r8YER 1P, 5%898@%)’&8&\%9” ﬁ,f?Ws ”EGHPPSCQ&1 ghe
least about 2, 3, 4, 5, or even 10 minutes). More typically, implanted

SUBEGFANE 1 b WilTBEEHh HIEA T67 bt PRa HFEUCS0 WThutes S&icr 8s He
astaboutt® minutes, threeeen dteadt dbeetr9@ sninutesdlmoneoe the

8&1%%%%@194?%@&%%%@%%9 will be, gnpealad for.about 320

minutes. [ﬂ% 33] In one embodiment, the ion implantation and anneal
pPGEESs ERIMOWEY by oEBY ibRe SubteSsive'ish itiptahtditiitand: Put
anneahprecesses;dypically With sucaessively loier implantation energy

leysls farthe smeian, orawith differentdn(s). 7rythis embadiment, the

silicon self-interstitial sink layer comprises multiple strata of dislocation
OBEWRTEh MRy ificidadé i ARty fof siticonSef-ifterstitd

eohsdinptian. 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




[ll. Epitaxial Layer [0034] Referring again to Fig. 1, epitax al 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

e&%ﬁ?&si/?g%f’ is at least about 5 Jim.1Th one embodiment, &0TAIAIT4YEFS

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 subsiratess apnaaled tgdevalonthe dislogation]oppsgin
et another embodiment, the iméjlanted wafer is partially annealed to

y
BETERT e BisTOCalitn [dois béfdre or aft8r #5& GFoWth bf e 2pfaxial
lyefeAdvantagedasiyctherefore, dhe @wdalmypsteplnddlie enitaxiak at

gEwih §%@%’obﬁé_?\ﬁ_,”i89 QIR '[Q_@ SANEARRAAUS o ketP035), one
Regardless of when it is formed, epitaxial layer 11 is preferably grown b\¥

ERBMICANAPor d8PSsitibh; STRhrotestes i eitedGitidd, P ExatmplS T
en8. PatenttNan 52189,3080 Defing of the epitaxial layer may take place

after of gk the apiaxial laverarowth;process, Regardless ehtheng of

doping method, the resulting epitaxial layer has a dopant concentration to

proAfe the SpsitaiBIAYET Wit ATe SRt ity Gr&ieast abtitab mb-cm,
sudh asiahleastabput 1OrEichn Fopéxample sthefénitaxial layer will

typically. have 4 resistiyity, of hepyesn-aboyt;100 ma-cy and gbout 100,

0-cm. In one application, the epitaxial layer will have a resistlwth/ of
BERVER Bhout 306 W8 Bt abBaP E0 R ént. o7 ™ [Bb3s] KPan ©F
akerratividnfeans 80 charaetévizingthe epitaxiat dayien ¢he €pitaxiaHayee

will typically haye.a dopant copcentration gflegs fhamabgyt 4.8 % 1016 atf
cm3, such as between about 4.3 x 1013 at/cm3 and about 7.8 x 1016 at/

Ernt ifftoite BRpheaioAMHCBRRAXEF Hfertad &iddpdAtesnBéttation
bétween abouwtd:dnd104dvat/ emBand abowt 4.9t h6 st en. of low

mass elements must be used to induce sufficient damage,
whereas lower concentrations of high mass elements 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
10 atoms/cm?. 1In 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



[0037] The epitaxial layer is doped, as described, with one or more of
either N-type or P-type donants. 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 ginhesdinrst, the dopant is phospﬁorous. In another, theradopasicissr
arsenic. In yet another embodiment, both phosphorous and arsenic are
used as dopants. In an embodiment wherein P-type doping is preferred,
the P-type dopants are selected foroexamplef fromlthe roup conslisting of
borbAMIBRTING N > SnelgARTIT. 7 dne embbaiment. the Piype dopantis
boregiee r {0038)LOnke aglveritagetetepiakialdepésitior s fitat 8isting
epitaxiabgrewth reacters ean heplsedda comjsnction withia direetdepadnt
feed during.epitaxial growth. That is; the depant san be mixed withtpe.,
carrier fas t% do\Pe thetdepl%s%ead elt%lgél %raly %gg%roél&rag ,%xyg?n
Pretipitation” S“[5039] Th one embodiment, the waferis also subjécted to
an 6xygen precpitté stucebaissdittioh gidg t8Snfprerelesyden 2t
preciitation hehawesiadheisubstrate 1 Statedidifferently,, restrictingven
preygnting,gxygen pregipitation.in the substrate.may yield-an ewen greater
de%ree4of gontrol over igfusjontof op ng l(gméj og@erﬂnpugi{%ieﬂri@to the
mord lightly d8ped’Spitakialayer “The dissollitibh step'ay be performed
beferdsaftakcor Aspart Sethefemhatiofrsf ftte Siicdn BeiintéPstidarsik
layer; 80 leng asi the prasess parameters donot campronise thetmbegeity
of the, dislocation lopps. Rreferably, thigproeess isperformedpefore the
silicon self-interstitial sink_layer is formed. [0040] The highly doped
wafdti§ Hilettdd 184 he't tr8afent step to cause dissolution of any
pre-existif®P8RygehcleRte'BALLERY prebRistiiy BXdafR6ALheRcE
stackingafaults (HSF) nuelel tvdhaesubstsate. Reeterabby;ethis heaton
treatment, sten Is, carted-Qutin grapiddhermalannealer,(RTA) in which
the wafer is rapidly heated to a targcet temperature, thfsn ?nneaﬂed at that

tempEratire f6r 4 rjéﬁgﬁ\gefym%%ﬁtﬁeﬁ% of finte. Ilne\éeene'raﬁrth% water is
rapidhy heated t6 aCterhperaturecin(@xcessrof- r150e@Podiment, the
silicon self-interstitial sink layer comprises multiple

strata of dislocation loops, which may increase the capacity

for silicon self-interstitial consumption.

III. 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 S_uHL: 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



preferably at least 1175 C, typically at least about 1200 C, and, in some
embodiments, to a temperature of about 1200 C to 1275 C. The wafer will
generally be maintained at this temperature for at least one second,

té%?al!fﬁ f(gr at least several seconds (e.g., at least 3), and potentially for
seVRTAPIERLdt seconds (such as betheen about 10 and adSdt 6 068287

seconds, e.g., 20, 30, 40, or 50 seconds) depending upon the
concentration, type, and size of any pre-existing defects. [0041] The

epidihesmal anneal may be-cariad out in 8RYOf &4 IYMBLIQhed to
erm%l)% a %I?ble RTA furnaces in which wafers are individuall
n

om
HESFad By AR bOIvE TR E HE851 Biorfre e T abeet
are capable bf kapidly heatihgva siicorrwaler, ecfsthéyare capable of
beating:awafer from soom teppesatine 19,1200 Goina faw,seconds. Qpe

such commercially available RTA furnace is the 3000 RTP available from

REAttdoh TeehidiSgy TESEDL, CA). [0042] In addition to dissolving
a varidi@a¥yireexistingloryggen Clusters andi ©1Sbmmaciei, ¢hé anniedling

staR will increasedbe awynber dapsity ot eustallattice vacancies:in hg,
wafer. Information obtained to date suggests that certain oxygen-related

GRFECRE QGRS ORSE Carefilgh (ethp&tattire Truct@ateCoxy g™t
Hggldmesatexicatalyxad by thé presenceteia high epacentrationkef place

yacancies. kurthermere, 4o high vacaneyseqions, @xygen clustering is

believed to occur rapidly at elevated temperatures, as opposed to regions
Bt VESh oS e ShGe P Aty wisdre behalior 1§ frdre! Sivniffttbreifidns in
Wwhielr oxygen pracipitatecnueleationicentess mre tackingh8egalisexaxygen
preipitation hehavocis influenced by vacancyconceryrafion. theefore,, o
controlling the density of vacancies in the heat-treated wafer limits or even
aoide8ky g8 Pretipitdtionh-a sUbsett@m tkygehpretiitaidt Héser
treatmerntiAdvantageeusly rte fumbeyr) dénsiywf aacaneies i the - cm

annealed wafgp can e copfrolled by limiting the cagling.tate framythe, o,

annealing temperature, by including a sufficient Eartial pressure of oxygen
it tife ARPRafingCathTdsphere, OF RPaBifg bdieut 300 me-cm and about

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

* and

dopant concentration between about 4.4 x 10 at/ cm
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. 1In another, the dopant is arsenic. 1In yet



[0043] The vacancy concentration in the annealed wafer may be
controlled, at least in part, by controlling the atmosphere in which the
heat-treatment is carried out. Experimental evidence obtained to date
suggests that the presence of a significant amount of oxygen suppresses
AR oncentration in the annééled wafer. Without 6’&?(5%%(%@287
any particular theory, it is believed that the rapid thermal annealing
treatment in the presence of oxygen results in the oxidation of the silicon
sHHace - Craaling AnHpward o et siliconself-intarstitialg.; This ioward flux,
of self-interstitials has the effect of gradually altering the vacancy
E8ReBAFatioN prafiIE BYCHISRG %ﬁﬁ%’rﬁaﬁ"r%%ﬁwﬁiﬁ%ﬁﬁﬁs%ﬁ occur,
begirmingdt theesrface andothentmaovirg imvarnd.ed, @04 Regardless
et the mechanism.dhrannaaling step is,carried,qub in,the presenas gf,an

oxygen-containing atmosphere in one embodiment. That is, the anneal is
RIS ottt Aathiosphére coMREn PP aRYgert Jas @), water vapor, or
an oxyg&g@bntajnmgad@mpmqmj gﬁsayhimixiﬁadapﬁ;iesdjt@ddiz_img amt
gxposedpilican syrface, The atmosphete may, thys gapgist entirely of

oxygen or oxygen compound gas, or it may additionally comprise a
ABRIEXIAIZIAG gast Suehias SrgoR PAte Ve WIEH HE atimbsphieté is not
entirely oxyrjert, the atmespherenwilbpreferallycontaita paratbpressiire
of. oxygenfatlpastabout 0001 atmaspheres (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 ppma), still more
preferably{3.005b: atm 05,000 mm@jpalqd stidlrmore preferaply 0.01 z.;l.tm.
(10,000,8RG1R)- 1, {45k Intrnsic.noipt, defects (vacaneies and silicon,

self-interstitials) are capable of diffusing through single crystal silicon, with
fi%e PAteCEH RfUSTOIT BEfG WeMpEtatie dégéndanit The EBRcEAtrafiBROvE
pﬁ(yﬁyerpfgpérwa‘. tmﬁribdeﬁ&ﬂts,vthareﬁme; )3 qs‘unstie ef .thesriiafafush/ity of
Hl%k’ét?@ﬁkcl@‘g”féiﬂ?ﬁ@t@% the rsfg%%@ﬂ(?na &5 dlunction of ; o,

t_emggrature. or example, the intrinsic point defects are relatively mobile
af't %e?&RﬁEEa}ﬁefh@%ﬁciﬁﬁ?]& th eRTPerEtGAd af wHiGK the Wafepis rol
_amaeada}a‘cfﬁmﬁi@mapiﬂ tdi@lsmal armeﬂ_lhng@tepi,mplmerﬁa‘sa&n)eyia@ essentially
ipmenile.farany cemmeygially practcalime period pelow Qrat, oy,
temperatures of as much as 700 C Experimental evidence obtained ~
15 YatE RIS AR Efecife AfuSIBNTatE BF vathnkiss Spetion
considerably;, CSMCI’ISM-\LBC%CM e_aalb@ corsidered,tosbe immaohite fore
aoycammercially ractical (e perlod il lemperalures Jess nap qhout
00 C and perhaps less than about 800 C, 900 C, or even 1,000 C.
fOGASICAELORIIRGRP fn onr&rbicriihent the TANCRIRARIcT OPYAEARERS in
the anaeated wafe&«isweeﬁm”edwfk&asﬂmpa@hy m@_p@rﬁllm m_fme@Ling
rate of sy yafeniropgh the temaerajure range inwhichypaandies are
relatively mobile. Such control is exeruseé for a time period sufficient to
FEGacathE ntfriBef Befdity DfErysal fatiee wicatitieS ¢ 15& £dbled wafer
priggdo conlingdhe waterabelovr the temperature rangeoin-whith-wacancies
e relatively mabile e temperature of the annealed wafer i
AT b i iSRS R
Hhtch&carhetaRdipmandd 9ealling t6 arcHadge it thé vackrey T oienitidtion
profile: dhe @xtent of sucheehange wepandssondpedength of ime the
nnea{e(%wafer .
arge emperature, 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,



is maintained at a temperature within this range and the magnitude of the
temperature, with greater temperatures and longer diffusion times
generally leading to increased diffusion. In general, the average cooling
rate from the annealing temperature to the temperature at which
VACRREYYRR practically immobile (elg., about 950 C) is prg?g{g%wo%sszm
more than 20 C per second, more preferably no more than about 10 C per
second, and still more preferably no more than about 5 C per second.
[0Q4d . Alterpatively the temperature gf the anpealed wafer fallowingthe
hngh tergper,ature anneal r%agr/\ be reduced quickly %ef., at a rate greater
than aBout 20 ERECHH IS A e nperiturd ofiB8S tRAR Bhdlit [
gfedter 1BdA abbut 98¢ 002 &erd thehlhelkehforal imeéoperiadrtbat issd at

dependentaponthe helding temperatire. Farsxampls, severgl seconds
at least about 2, 3, 4, 6 or more) may be sufficient for temperatures

e.g., :

51%%?"11%%"8? WheTeaR el frinutds (£5° arikastABot 3 1 6.8r
morejenay be reguired forctemgeratared near 950406 1o Suffitiehflyaeduce
the vacapcyconcentratian. . 20,0948 Qnce the;gnogaled; wafge s.caoled

to a temperature outside the range of temperatures at which crystal lattice
VREANEHRS SR FSREVAIT obilEYRTe cBBfing Tafe bed NoPASpEArfF 109
gigireficantly influence the precipitating characteristics of the wafer and, as
such, 4811t apRear:ioibe nartawly chlicals ma[QRAY-Convanigntly;
the coaling step may be carried out in the same atmosghere in which the
ABALRG ﬁeBWEEé%JFriBE S Etitabie HinbEphet8s indlite’ g2 Hitfiding
atmosphefes §.e.ratmosphetes Contakang dittegengas (N2hoya power
nifregen-centaining compound gas.that,is-capable, of nitriding angxposed
silicon_surface, such as ammonia); oxidizing (ox en-contalnlngg>
AfRbEpKReREE MR- Gkidizing CRolrtitiding - &modPirered G utHPas High,
heligimqeonadarbofirdioxide)n andrpembinations theredf °c  {0050F¥while
the-gapid thegmal freatmentsemplaver herainmay resiltin e is the

out-diffusion of a small amount of oxygen from the surface of the front and
BALR Sface@ot il faferthidrestitihg ShttafP Waler figgtr C2) -
substaifitd¥lunifornadaterstitialtoxybjiers concentration@s afunttionof

distapeg from.the;silison surface, Foseample, the annealed waterwill .,

have a substantially uniform concentration of interstitial oxygen from the

Bahter OrhRAREf o FEYIBRE STIRE Watet thaf ¥ré WithiA 15 microns
ohthe silconisurfaee wantre preferabiyfromitheloenter of the siicon to

Legionsf thewafer that are within abaut, 10 micrans of the silican syrace,

even more preferably from the center of the silicon to regions of the wafer
tHatare™Withih- 2B Bt BRRTGONE O the SfESH SUF i AP TG Greférably
froma the ceriter ofhthe sdicsonde refjians ofthe avafer that are: within about 3

icrons gtthe siliconesyrface. In,this goniext, asubstangially uniform,

oxygen concentration shall mean a variance in the oxygen concéntration
Bt NoGTbI8Than d50utasEsh, Hreféiably RBEMBr thidn SO P, and
maostpreterably nosmeasedhan alboutet0%ns 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



[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 eéaitaxial layer formation, the cooling atmosphere, cooling rate, or both

thE LG tnosphere and rate are d6ntrolled as detailed BHBYE2PHEE7

in one variation of this embodiment, the atmosphere after the anneal and
epitaxlal layer formation is an oxygen-containing atmosphere that is

¢aRableof.exidizing an;expeged silisan surface, specifically.the, ¢

atmosphere will preferably contain a , partial pressure of oxygen of at
3T AD0LYE 0:60 1 Minfopiferes (&ihSfof 2o parREertfifioRvatomic
(bpma).ndotepreterably; thetparfiabpressurenokeXygen trithe atmosphese
wﬂk%&tl{gagt apevt 0,002 afm. (2,000 pnrua), Hillpoye preferaply 005

atm (5,000 ppma), and still more preferably 0.01 atm (10,000 ppma).
W%h%héF%ﬁ@ﬁ%ﬁ@oﬁﬁi?@%ﬂiﬁ] the cooling rate of the wafer
is cont{oltas withroe withoaut cpntrollieg the coalingratthespheraled wafer

ﬁgscgwxm@}%998!_199J@telJ;Sagaenw'sqéy,chotyaéégaaoﬁ@gsh%%%'ing

rate from the annealing temperature to the temperature at whic
FAEDTERS e Pratiitalty thinbBRe (& XS 2aB60E 950 CRis pRsteraly no
mase thaar2@ D0=perisacendpmoradqreferaily aosmpre dbantabkoutti2 00

Re386aR0,2nd jmore pisferably.ne mere hanatos CopeL segond.
lternatively, the temperature may be reduced quickly (e.g., at a rate
JrERBF thaR AP Z0C R condy 16 LiEtfipérature Bt fess Han abbut 150

06 butigreatsr Ehﬁﬂ"tabomt395%pa9d thenmlﬂdomcaxz@aﬂetmelﬁpdtb@twm
seueral secondsto.several minytes, depending upon the holding,
temperature. For example, at least about 2,3,4, 6 seconds or more may

BeSutfideht féPRApérRbtes nehr 5o itiereus AdeastaBatit p93an
4n6apiutes ordnose may heskegiHad tardemparaduresnear 95Cd flux

yPlysticon Layer, . ; ,[0093]nqne %‘E‘%%%‘Eir‘%%”’gxaae%’gi”coé‘l'aé/?{é%
deposited on the backside of the highly doped substrate before the
aRfedfng $tep CISHibetPabove PTRE Grairt Bothddties Srar<golyRTAtbNn
leyesserve asoa gettering:site foedopanidnagenaral sther polysiliconlayer
WJB% dﬁRPaSEtc?.d by any means conventionally known in the art. For
[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 (02),
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



example, the polysilicon layer may be deposited by chemical vapor
deposition using silane (SiH4) gas and arsenic doping, as more fully
described in U.S. Pat. No. 5,792,700 or 5,310,698. [0054] Silicon
structures manufactured according to this invention may be used in

vard i tetiitblogies. For example, the silicon structure of tRfHYERHYAHY

suitable for use in the manufacture of power devices, such as power
diodes, thyristors, and, in particular, power MOSFETs and JFETSs. This list

isdRAN0 Way: intepded to-he-resirictive ofeomprehensivgo Vil Examplgy
[0055] The following non-Ilmltll(r?? example |sn§rowded to furf%er illustrate
n

Shd xR fregetitigvénfidn * Fhe ifentidh SRBGiH not be limited to
any of [A@4fdtails providedcherein: de[3036] A singlecrystalrsilicon wvafer

daped with about 7,86 x 1019 phasphorys Apms/em3is expaged 19,80

ion implantation process wherein silicon ions are implanted into the front

SaraEe orthehwarer. The sifisn 16118 afé ifbidmetrRithsin @nergy level of
Sekeyrsucir ¢haethensiabstrateThas @oorcentration of aboite? xf1015

atorpsiem? afan,avelage distange of ahaut 100Q Adfrom ihe, fropt sutface.

The ion implanted, highly doped substrate is then annealed at about 900
E11bt Hbolt 420 ihbtes T forfs SRR 128 x226 ¢ Hisiotafio~Bops/cm? at
aboutbOOOtA dromahe feentsutiace 1An efitaxiablayet s ¢hen fermed on

the,front surtace; ofithe,aubstiate, thg epitaxiallayet being goped.with lgss
than about 4.8 x 1019 phosphorus atoms/cm3. Transmission électron
AiicroSBOPTE BnaRsis At 757050 tihe s magnitiatibiieeeals iive predencd

ohthevdiBlacationtoeps,ed in the rapid thermal annealing step,
whereas they are essentially immobile for any commercially
practical time period below or at temperatures of as much as
700 °C Experimental evidence obtained to-date suggests that
the effective diffusion rate of vacancies slows
considerably, such that vacancies can be considered to be
immobile for any commercially practical time period, at
temperatures less than about 700 C and perhaps less than
about 800 ¢, 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 vacancies 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



as seen in Figure 4. Frank dislocation loops 41 and perfect dislocation
loops 42 may be observed.  [0057] When introducing elements of the
present invention or the preferred embodiments(s) thereof, the articles "a",
"an”, "the", and "said" are intended to mean that there are one or more of

thEAEREHE The terms "comprising8'including”, and "hadihlVEs/068287

intended to be inclusive and mean that there may be additional elements
other than the listed elements. Moreover, unless explicitly noted

othenise heference 10 theheavily.donad substrate asa ' ahdP+hshould
be understood to also refer to substrates having doping levels

BaR0&AtioRaly réfetrdd Tl aENPEnd N4 P TP B¢ ahgipeiatures and
lespectivily LA, unless explioklyaidte dletheinwis e, aefereresestalthe
lighty, doped epitaxial layer as " oFe Pz should b understoed dq alsa

refer to substrates having dopln%éevels conventionally referred to as N- or
PERESpEiVETYP ST T0058] Iroviehs of BT ahdVRr ft Wil B SeRn it v &
severatagbjectslofthenmiention (@reyacheved-add d©the) advaptageoud 1y

resulis-attained.o o [Q09],As various changes could pe madeig the .

above products and methods without departing from the scope of the
RAHtion! it fs RteEndEE s af Aattér ontfinEd i thé=bole desBfiption
ahdrshaawn in the @geampanying.drawings shall be interpreted as

illustrafiyg,aRd netin g limiting sense. The,ahove descrption ofihe. 14

various embodiments is intendéd only to acquaint others skilled in the art
Whthethet iRt itsTSrifciBles: ARPRS PracticarasdlicationSo tRat 6ttters
skillexllip the.art may adapt @ndyapphethec e ntiosuin it nbieratistorms,;

as Joay e best syited fa theequiggments, eha parfigylag use. - MGRELP
about 950 °C, and then held for a time period that is
dependent upon the holding temperature. For example,
several seconds (e.g., at least about 2, 3, 4, 6 or more)
may be sufficient for temperatures near 1150 °C, whereas
several minutes (e.g., at least about 2, 3, 4, 6 or more)
may be required for temperatures near 950 °C to sufficiently
reduce the vacancy 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,



23 CLAIMS: 1. A process for preparing an epitaxial silicon wafer, the
process comprising: forming a layer of dislocation loops in a highly
doped single crystal silicon substrate, the highly doped silicon substrate
bein& the slice of an ingot grown by the Czochraiski method, the substrate

h3f &0%{088W?ral axis, a front surface #hd a back surface th]é(fy}és@g%%%m

perpendicular to the central axis, a circumferential edge joining the front
and back surfaces, a radius extending from the central axis to the

qisaumferantial edae A pesistivity of dess than-sdna*em ang wheseain the
dislocation loops do not extend to the front surface; and depositing an

Epitasial ShiEor Ry er B tHE 3Rt stirfite SFheSRighly doped silicon
substr&td &9 Tornitthé e pitaxialesilicon veafes ltherepitaxiat lysniaiag a

H’es.cié%i%é’{/%%%ﬁ?ﬁh% 100 QueMa s ffu%imeﬂo&eéﬁﬁlc@%dnt of
wherein the dislocation loops are formed by ion |mg1lantat|on of the hlghly

AP e Sing R clystaldifich Substidts diPah AMiteaBTarieattssd &
8h& heafrocesshef clamm 12 wirereimzd aiplaafiied ibas aresdlectet:frohly

the sroup consisting: of $ilicop, germanium, heliumy, Reon, aIgN XENYE
gQggggggﬂ¥?ggogggeg?T}con surface. For example, the
annealed wafer will have a substantially uniform
concentration of interstitial oxygen from the center of the
wafer to regions of the wafer that are within about 15
microns of the silicon surface, more preferably from the
center of the silicon to regions of the wafer that are
within about 10 microns of the silicon surface, even more
preferably from the center of the silicon to regions of the
wafer that are within about 5 microns of the silicon
surface, and most preferably from the center of the silicon
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] 1In 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.



4. The process of claim 2 wherein the ion implantation is carried out at an
energy level of at least 30 key. MC SLIP 24 5. The process of claim 2
wherein the ion implantation step implants at least 6 x 1013 atoms/cm2.

6. The %rocess of claim 2 wherein the anneal is carried out for at least 3
sOOHYYS183 7 The process of clain?d wherein the highly %%BEW%W&WW
substrate comprises an N-type dopant.

Specifically, 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 ppma),
still more preferably 0.005 atm (5,000 ppma), and still more
preferably 0.0l atm (10,000 ppma).

[0052] 1In other variations of this embodiment, the
cooling rate of the wafer is controlled with or without
controlling the cooling atmosphere. Specifically, the
cooling rate is controlled such that the average cooling
rate from the annealing temperature to the temperature at
which vacancies are practically immobile (e.g., about 950
°C) is preferably no more than 20 °C per second, more
preferably no more than about 10 °C per second, and still
more preferably no more than about 5 °C per second.
Alternatively, the temperature may be reduced quickly (e.g.,
at a rate 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 laver 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



8. The process of claim 7 wherein the highly doped silicon substrate
comprises a dopant selected from the group consisting of P, As, Sb, and
combinations thereof. 9. The process of claim 1 wherein the highly

doped silicon substrate comprises a P-type dopant. 10. The process of
cIHUMNERN the highly doped silicah substrate comprisd& K HapKes287

selected from the group consisting of B, Al, Ga, and combinations thereof.
11. The process of claim 1 wherein the epitaxial layer comprises an

Nstypgdopant. o112 e proeess of glaim 11 wherein the i@;@@éi@(?r

comprises a dopant selected from the r_oug consisting of P, As, and
é’&r%ﬁwé.’t‘?&r?§ﬂ”?é@bf?smi3?ﬂ%“&o&%§§4 f BRFPRWIRETER Hie SpftBéal
layencompriséy adedyperdaepant. U.5. Pat. No. 5,792,700 or

5,310,698,

[0054] Silicon structures manufactured according to
this invention may be used in various technologies. For
example, the silicon structure of this invention is suitable
for use in the manufacture of power devices, such as power
diodes, thyristors, and, in particular, power MOSFETs and
JFETs. This list is in no way intended to be restrictive or

comprehensive.

VI. FExample

[0055] The following non-limiting example is provided
to further illustrate and explain the present invention.
The invention should not be limited to any of the details
provided herein.

[00B6] 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,



MCSLLP 25 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. 15. The process of claim 1 further
comprising depositing a layer of polysilicon on the back surface of the
higRISHEYER Single crystal silicon subistrate before the annBSfifty&{68287
16. The process of claim 1 wherein the layer of dislocation loops is at a
depth of at least 100 A from the front surface of the highly doped silicon

substtate.. , ¢ 14, Jhe;progess of glaim. 1 wherein the layer %f (éls

loops has a concentration of at least 1 x 108 loops/cm2.
ﬁf‘(?éé’ééa&l8Féurlrf’f%héll%lﬁ“i‘ﬁekﬁyé’rbéﬁa‘é‘?gcatlon loops has a radlal width

of at least 10% of the radius. - -

[0057] When introducing elements ¢f the present
invention or the preferred embodiments (s) thereof, the
articles "a", "an", "the", and "said" are intended to mean
that there are one or more of the elements. The terms
"comprising”, "including", and "having"” are intended to be
inclusive and mean that there may be additional elements
other than the listed elements. Moreover, unless explicitly
noted otherwise, reference to the heavily doped substrate as
"N+" or "P+" should be understcod to also refer to
substrates having doping levels conventionally referred to
as N++ and N+++ or P++ and P+++, respectively. Also, unless
explicitly noted otherwise, reference to the lightly doped
epitaxial layer as "N" or "P" should be understood to also
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 acguaint 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.



19. 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 COOM@SL B
the highly doped silicon substrate from the annealing temperature to room L
temperature, wherein (i) the atm@éphere of the annealing step is

controlled, (ii) the cooling rate is controlled during the cooling step, or (iii)

CLpti[lf@fsd'tmosphere of the annealing step H controlled and the rate of cooling

during the cooling step are controlled to install a uniform concentration of
lwc?PL%G%mocess for preparing an epitaxial silicon wafer,
the process comprising:
forming a layer of dislocation loops in a highly doped
single crystal silicon substrate, the highly doped silicon
substrate being the slice of an ingot grown by the
Czochralski method, the substrate 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, a resistivity
of less than 5 mQ*cm; and wherein the dislocation loops do
not extend to the front surface; and
depositing an epitaxial silicon layer on the front
surface of the highly doped silicon substrate to form the

epitaxial silicon wafer, the epitaxial layer having a

resistivity of greater than 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

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 30 keV.



vacancies in the single crystal silicon substrate, the uniform concentration
being insufficient to catalyze oxygen precipitation in an oxidation
precipitation heat-treatment. 20. The process of claim 19 wherein
annealing step and depositing the epitaxial silicon layer are carried out In
the same apparatus, the cooling step?fs carried out after depositing the
epitaxial silicon layer, and the cooling rate is no, more than 20 C per .
secénd froRt R aniesing et Biufe YE HE tehperatut8 at inriltgghantatlon
st dgcangies are immobiast 62%. Thé&peocess offaim 19 wherein cooling
the highly doped silicon substrate comprises cooling at a cooling rate
greater than 20 C per second from the annealing temperature to a
temperature-ofdess: than 50 Cabiut dreates tiedm 950 €, amathén hwlding
the substrate within %hiié%rgge@tggecr&ggg for at least 2 seconds. 22.
Carhibtocsss 6Pdaif 1 Wihérein the e rtaxial layer has a resistivity of at
least 100 mQ*cm. 23. The process of claim 1 wherein the epitaxial
layey has g (esisfiity gl ablpast 300 Ma'GRL o1 LAAN RIRGY sigan
wafer compnsﬁg: a highly doped single crystal silicon substrate that is
s1 aistice of @ndngettgronertpyrtheeczechriliskirretiistPaRé substrate 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
andback Busfapss e oS estehiihg frfahs tentrafakid 45 te doped

silicon substrate comprises a dopant selected from the group

SLLP

consisting of P, As, Sb, and combinations thereof.

9. The process of claim 1 wherein the highly doped

silicon substrate comprises 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.



MCSLLP 27 circumferential edge, and a resistivity of less than 5 mn*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 10 mQ*cm; and a layer of dislocation Ioo&é%“"p
the substrate, wherein the dislocatior2foops do not extend to the interface
between the substrate and the epitaxial layer. 25. The wafer of claim

24 WiHereirllite Mghyopedsiicbrisubstraté 85mbrises an M-y ial

laggga%%mprises a dopant selected from the group consisting
of B, Al, Ga, and combinations thereof.

15. The process of claim 1 further comprising
depositing a layer of polysilicon on the back surface of the
highly doped single crystal silicon substrate before the

annealing step.

16. The process of claim 1 wherein the layer of
dislocation loops is at a depth of at least 100 A from the

front surface of the highly doped silicon substrate.

17. The process of claim 1 wherein the layer of
dislocation loops has a concentration of at least 1 x 108

loops/cm?.

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

radius.

19. 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



26. The wafer of claim 25 wherein the highly doped silicon substrate
comprises a dopant selected from the group consisting of P, As, Sb, and
combinations thereof. 27. The wafer of claim 24 wherein the highl

doped silicon substrate comprises a P-type dopant. 28. The Wafel)%?m‘“"ia
claim 27 wherein the highly doped sil€on substrate comprises a dopant
selected from the group consisting of Li, Al, Ga, and combinations thereof.

vaognFhasvafer bFelafn %Wh@r%}f?ﬁ%leﬁ%‘Tﬁye?%ﬁpﬁ'%%g'antﬂgtype

ungPQQHFcondﬁ%ﬂ?&ﬁﬂ@ﬁ”ﬁ@EE@“ﬂﬁ%W@Eﬂﬂﬂéﬂ&eﬁﬁaﬂ@HQY®&e oxygen
comprises a dopant selected from the group consisting of P, As, and
pr%ghﬂﬂﬁ%R*%ﬁhé&xﬁpZ%XLdatlon precipitation heat-treatment.

20. The process of claim 19 wherein the annealing step
and depositing the epitaxial silicon layer are carried out
in the same apparatus, the cooling step is carried out after
depositing the epitaxial silicon layer, and the cooling rate
is no more than 20 °C per second from the annealing
temperature to the temperature at which vacancies are

immobile.

21. The process of claim 19 wherein cooling the highly
doped silicon substrate comprises cooling at a cooling rate
greater than 20 °C per second from the annealing temperature
to a temperature of less than 1150 °C but greater than 950
°c, and then holding the substrate within this temperature

range for at least 2 seconds.

22. The process of claim 1 wherein the epitaxial layer

has a resistivity of at least 100 mQ*cm.

23. The process of claim 1 wherein the epitaxial layer

has a resistivity of at least 300 mQ*cm.

24, BAn epitaxial silicon wafer comprising:

a highly doped single crystal silicon substrate that is
a slice of an ingot grown by the Czochralski method, the
substrate 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



31. The wafer of claim 24 wherein the epitaxial layer comprises a P-type
dopant. 32. The wafer of claim 31 wherein the epitaxial layer
comprises a dopant selected from the group consisting of B, Al, Ga, a
combinations thereof. 33. The wafer of claim 24 wherein the highl CSLLP
doped silicon substrate is free from oX¥gen precipitate nuclei. 34. The
wafer of claim 24 wherein the layer of dislocation loops |s at a depth of at

ci reast A00em b tHedfiferfatehetwedd thé StibSate fantPth

nolayer.  35. The wafer of claim .24 wherein the layer of dlslocatlon loops
has a concentration of at least 1 x 108 loops/cm2. 36. The wafer o
claif2£Whersin tHe V&P bf 8@5&&%06118865 FES A3 58iaP width of [é%ghly

dofsast 1094 ebthegadiisrefitbe spbstfatey thd7ePhe waferlofcidimd4
wherein_the epit
wafer, wheréT%aﬁgémggaggi?ng?UVI 0 atmas%g¥{s§%vg%y of

greater than 10 mQ*cm; and

a layer of dislocation loops in the substrate, wherein
the dislocation loops do not extend to the interface between

the substrate and the epitaxial layer.

25. The wafer of claim 24 wherein the highly doped

silicon substrate comprises an N-type dopant.

26. The wafer of claim 25 wherein the highly doped
silicon substrate comprises a dopant selected from the group

consisting of P, As, Sb, and combinations thereof.

27. The wafer of claim 24 wherein the highly doped

silicon substrate comprises a P-type dopant.

28. The wafer of claim 27 wherein the highly doped
silicon substrate comprises a dopant selected from the group

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

29. The wafer of claim 24 wherein the epitaxial layer

comprises an N-type dopant.

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

As, and combinations thereof.



38. The wafer of claim 24 wherein the epitaxial layer has a resistivity of at
least 300 m*cm.

MCSLLP
28
31. The wafer of claim 24 wherein the epitaxial layer
comprises a P-type dopant.
32. The wafer of claim 31 wherein the epitaxial layer

comprises a dopant selected from the group consisting of B,

Al, Ga, and combinations thereof.

33, The wafer of claim 24 wherein the highly doped

silicon substrate is free from oxygen precipitate nuclei.

34. The wafer of claim 24 wherein the layer of
dislocation loops is at a depth of at least 100 A from the

interface between the substrate and the epitaxial layer.

35. The wafer of claim 24 wherein the layer of
dislocation loops has a concentration of at least 1 x 108

loops/cm?.

36. The wafer of claim 24 wherein the layer of
dislocation loops has a radial width of at least 10% of the

radius of the substrate.

37. The wafer of claim 24 wherein the epitaxial layer

has a resistivity of at least 100 mQ*cm.

38. The wafer of claim 24 wherein the epitaxial layer

has a resistivity of at least 300 mQ*cm.



