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BACKGROUND OF THE | NVENTI ON The \\AWW“ on generally relates to a

~ process for the preparation of ﬁm‘\mﬂ mance silicop godmeriidevi ces
havi ng ig@r@oggwturn-off or swt ng e, as well as forward voltage
drop. M z fically, the process of the present i nvent FoUP®Y 4y to
the preparation of a silicon segnent containing regions having different
mnority carrier lifetinmes by means of ,controlling the concentration
profile of reconbination centers wthi r% the silicon segnent. 10 For
designers of certain types of solid state power devices, such as thyristors
or power diodes, both the switching speed and turn-off charge are inportant
considerations. As the switching speed increases and the turn-off charge
decreases, tN® RMMoﬁ@ﬁgM%MEE@WMS?‘MBMIQNﬁovvever,
conventional met hENHEGFHIBEREORMANGE SIMECERY RO WERDENICGESarti cul ar
device often result in an 15 appreciable increase in turn-off charge, or
forward vol tage drop. W icl_h act o hinder device efficiency. Typically, in
the "on" stak€ SR s LHE ANV gded with excess carriers which are

responsi bl e fOr CERE fiedthtliferkiBh GendaM Febted (4 plodeds T8 @opaRlithl iR | S@

wi th such devices, however, when the devices are swtched off; no
speci fi cal | yperfomanohsibean poweralenicehhawing imprgaed tird-off ort dvdtchingtimegass when

they are no | er._neede M .nori carr.i.er..reconbi nati has heen .
dont 11 ed_ 2NCDAS UM AP 1pgP FoHroMAST RSB iR BFPCF et heREser TRUEmripR
may be di ssiRpk@do Hdrep@alioh of 8ENiFBh Bt cOM@IHISg redaliths hasihngdi Ferepiier
device can be depleted of carriers when switched off "and, therefore, the

faster the dwiriocdy aarignlifefimsasibyoneans of contredling e contenttaion prafitbiofiat i on rate
is high 25 throughout t ul.k .of, the deyi then a higher voltage is
required to rgﬁ%ragwﬂ?%gpr@?f?rw.elmn&}]ee%#;'l?% es\éé%\%uce is on. As a result, the
power copmsunpt i ONFeH ddsip@eftedficeftaindypes@f 8l stat sbwer @eiced, BB¢H/as thi¥8stors
efficiency of the device is decreased. Therefore, any inprovenent in the

swi t chi ng” spIRPVET didiss.dosh the svtching spoediand turmrelichiaigedre Hepartaat ed i WO
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sem conduct o@%@& ?aglggs'w Hgl sla?l{eéblzrzré%?lg? Hcﬁégéf:ér(rpmt?\r/ﬁllf :rde}g'o? fgl%_rré’e é%g%aﬁgs?ﬁ;? |g on

cent er s suchthas@elketicknt fheddvicahecomss!| Unfortumately) tioeeser, codvehtidnal

reconbi nation rate when the device.,is turned off, and thus an increase in
the switchi igethpdeal nereagipg the sygfching speed of a parishlar deviceoftegesiyyin an
"Optimging j: i j _PeQ&I r d f YRen

Tur n- of 5Ti r‘r@%\d %&v‘ﬁ%g@r%&&%' ‘I’érgfggdg%{ai\%#gg%g{ogf gg{%ﬁngﬁé&w ceg, ed.
23, pp. 783-deSfke(effiGidficy. I n the past, such inpurity doping has typically

b lied to | he devi t hayt th ti bul k
o oo Orh it 5o et S a b e R Rt A M P SRt Tt
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increase in device forward voltage drop.” Simlar resulfts have been obtained
when al t er nawitly sucteddvonts, kufwevier, fvetenrthe dévicdsrage swehedodt manppayichlly,

i ncl udi el eciyon, prot an radi ation hr gughout 1 he bul l,s, of the
dovi e 20 n° doBler e P tp E EORE oG feor Lo whrth e &5 HoloB g eetiGh ng or
bul k treat magindty theief fatbiindtidfdas bécnatibntEidd ds! dre®f BRSmIBE MR ARASEEY
(See, e.g., Tenple et 15 al., |IEEE Transactions on El ectron Devices, pp.

783-790.) Fowhichahsk excdss cariersayibe dissipatedhFhe Sastar recombinasion eselnscthievel y

irradi ated, Qr, doped with gol i n t ral the lLocation of
the m nori tfaétgwggwer\r'\%ec ?ngaﬁéﬁeidgﬁlegegno?ig%.%@%ﬁvhg? %ﬁgé}}fgcoféﬂﬁdeqeﬁgofﬁ rity
carrier recoailentieideick at@kilyrewittlidsioff. dowedd:f if the RBorAbinefiord fage eNgice. Such
approaches are attractive because, in theory at |east, they allowfor a

regi on 2b bethrmighentabe byl of the gasdcathen ahighgnyioltage isrequiraddp suppartthe

i nproving the swte¢hi e .t hi h.S i.on, il e | eavng & bul k of
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associ at ed Vinkfeasud dnddfRordingly, the effidigry ofthd dvictely idegreastd  Thexesdry, any
optim zing the spatial |ocation of these reconbination centers within the
bul k of the imprpvamenién theswitehing speedef thedevies Hrashicvediat the cogt of deweased Fi g.
25 1 A and F&eq'icelefgcieﬁ_wl e et al. denonstrated the desirability of having
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« enhanced reconbi nation (i.e., short mnority carrier lifetime) within the
device in a plane which is perpendicular to the direction of the on-state
current flow. However, the practical problemof how to seb@cUanepys tail or
or control the |ocation of dopants ' . within the device has to date proven
di fficulYOM hct, Tenple et al. state that the |ocal 30PCHYYPAHE6 of such
aregion within a devi ce woul d not be easily achievabl e f V2.9 JAN 2~3 3
experimental ly, and that any practicaly applications would involve an

ext ensi ve devel opnent program w th an unknown chance of success.
Accordingly, a need continues to exist for a process whereby the
concentration of mnority carrier reconbination centers within a device my

be sel ecti vel filed h th
orimar 1y 1 ocat ol kedin Pt RedorTlitalipSian e RS PoN R et ine,
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Anong the objects of the invention, therefore, the provision of a single
crystal si |mdb¢rr@egfbexmnos1u'at6abh@ th@de‘ﬂ%lslmnEﬁ@fff a:bxfﬂmatan@mprgasean éxel id

state power_d e n ed i e ty .the t. endant
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reconbi nat i on centers the rovr on of such a s contains a

regi on havi¥g d r?‘%?3rﬁc3§%g7ﬁgt(rl%@)r)a¥bthePh% such

provi si on h#;gamg,f ' in which

t he segrren?lfmﬁggi @sgzgnagl It &E{%Hé {}'gttglrfe eﬁreﬁ% B#%g?reglgrg%kprofi | e the
vacancy congesighati the ehtiserinilk pf dredieviche Thismppsiaol had resuﬂcétimsﬁ)%-@ﬁms in
which interstitial pIatrnumato are_in-diffused into the sjilicon segnent

under condi 48CESeS IR tBR dpass Fumioft time,| Howisish acsermanicdtvilhthiy immarovergmmber al | y
corres Br‘d',@g{]mcrttt% i QEGRE YorsRF %ﬁ tr@r aﬁﬁfarfe%uu R debn oBRE rf'efdore t he
presen I nventi on 1 S irecte to a g crysta I con segnen havi ng

two maj or geher atdryatpermttheds eﬂflffaunskllbn@ lmfve\bbercémpbyédtenéludmg surface of

t he segnent and the other of whig¢h.is the bac a t he segnent, a
central pl aﬂ@%ﬁ&éﬂn?‘ﬂ g%ra‘gtﬁtbo“ogg@%‘ftgl’? 8%:& |‘{?V’r?Ferent| al edge

joining the frong, amhéml%o%%lti obﬁn%%@@éiﬁed%Ytﬁrbu“@&&ﬂlnggfrplﬁkuses a

first region of the segment bel ow front surface and a drstance, D,, as
measur ed f riveatmimat cffrtbmiefsm,fla@éllﬁmql@ﬁm&hﬁsrbeemmnmd (Bene,g. ,aTmlnpie bul k

| ayer i ch CoI es a.seco re n of t he.se bet we cent ral

pl ane ng tHe Lk f -%éf-%i—l{lﬂlg—g% €HEPn %EEPEF’F n]P'Eﬁatg‘?IPFe
segenent ha@faathkﬁ%r HiN o 108 seletti val P itddedted for AbHEH with géﬁir iﬂ ar att @GRAYI nati on
centers, with the concentration of the centers mthe bull: |ayer being

great er t hagontrobthedaeasionrafithomingtity Rarrier secpmbinptipn pepers, andqihgadcpca@gu ayer

d h th Whi k
Gonsity of TRETBRRPRPETH S RARGANILGRE R dpboife et Fhing ReE”

concentrat i St&hga@p%a%héyard aarRst bgahsepin t}i&erypmetatst eifeyailloRe o adeFion ta/ben t he
direction of the front surface of the segnent and with the concentration

gener aPPy drstsctixelyifipped Srih 1§e0pbIaRUIREIGTS, FBRSIMPERNG JhersWiteding speed i on of
he Pack b iRE IS rekibf, REAURAing HPWRL STAM adUTRbOR bR Itk iinfhE oC | o

to a single Cry con seg avi ng gener parall el
surfaces, arggqﬁrwﬁdafmlmge tiop atsmmtemm& dn‘putgmr @&gﬁ&ﬂtofah‘eiddvﬁ& ot her of
which is th ack surface of ,the segne and a central plane between the

front and back sDHeMHYEY, OW@I@%EJWEﬁPatf% IQR?&P‘aef@FFf'z@GOmHm@Ha’P CfHiCTRas a
nonuni f orm t t ween
the front a‘?f{éﬁ% g”sur a@%gwlmdrsgé %ﬁgéﬁn%%r%%%g?r%ceﬂ%éf gﬁﬁggﬁ‘%@& tﬁlngi%
reconbRfat i mmmgarlﬁ Temniple et al.afgmonstrdted khe desioatiiliyeof Hakimgfa epiondr f ace and

t he central ane, and near.er .to the front surf e.t an, t.he central plane,
t he concent‘?"’%f‘-f“i:ﬁ‘r1 TSFOTR PRt (i h%ﬁt Fﬂﬂo%‘arﬁagfes 5a‘§‘élsmfﬂi“’o 9522 ont
surface to n%l?x?e &B&m@gaﬁ)eﬂa&m&m tﬁ@&&@d%fofnaéﬂ th nefe’éfx?:reﬁ@ﬁ&% HowavEfe

regi on of XI mum con tration to the cent he present | nAvention
is further tiepexctiesl groblanpofdessto s‘ebrcnm;uttaﬂmeat:mtgblahesiongh@l ofrdopents silicon
segnent to influenge .the congcentrati no riger )
reconbi nat |‘6’r§h18éﬁ? é?‘é‘c?ﬁ éf gee@'ﬂ%?ﬂg?ﬁl‘ﬁgt slplff‘%’colfn erapl§ ﬁL. gtl‘f%at{l Lﬁ? tncel
surfacgg a Qﬁ&lf? U §iR8% repiohSiAtHiA kL dBYViad & duet NGIDR etztmj dch@vabRnd back
surfaces surface | ayer which conprises the region of the segnment between
the front surface and a di stance, D, neasured fromthe front surface and
toward the central plane, and a bulk | ayer which conprises the region of
the segnment between the central plane and surface | ayer. The process

conprises heat-treating the segnment in an atnosphere to form crystal
lattice vacancr es in the surface and buI k Iayers contr ol I'ing the cooling
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Y econbi nation centers in the segnent. The silicon segnent has a front
surface and a back surface, the front surface having only a native oxide
Jayer present thereon, and a central plane between thezfgrgm Sad back
surfaces. The process conprises heattreating the front surfac? of the
segnent in a nitriding atnosphere to f®rmcrystal 5 lattice vacancies in
the segnent, and then controlling the cooling rate of the heat treated
segnent to produce a vacancy concentration profile in the cooled segnment in
whi ch a maxi num concentration is between the front surface and the central
pl ane and n HesR l.REQ t I e vacancy
concentrati%ﬁjegénnég?%w%n?n%r ggzpiaga?rgh??%elbpg‘gﬁtﬁ@%?{ﬂgggﬁggte{l%}gregi on of
maxi mum condevelomhémiprdgramnditlyen enkhdwn clenceatsuegedst om t he regi on of

maxi mum concentration. tq the central plane. _ Platinumatonms are then |,
thermal Iy diff usg\TCP?ﬁiﬂﬁﬂﬁnﬁdl@&Bﬂu??é? FriRt foF 2PrRcess YingrbY damheancertatien: hat
a pl atinum sAREER *bIRR rioRfdil RicdhtEHetswitlihGhady L4 ant
upon the vacancy concent rratoli;H(c)n plr oﬁ%ﬁee. Q her obﬁgﬁ?gﬁ I#é’eﬁg'lte%,rﬁejrgﬁo this
i nventi on wed tailbredisncipdrat thepp acreterts maycbd primpatly l[ddtabwithinch spetiflvaegionaf t er .
BRI EF DESCRI PTI ON OF . THE NGS Fi.g. A I.s,a.schematic di agramof a
thyri stor s‘ﬁ’f‘thé?%?@%ﬁ%%%%%ﬂvéces?%& @‘%P@WWW fies HES‘WEQF%':HFS-that is, a
regi on having a higher concentration of mnority carrier reconbination

centers relative to the other regions of the thyristor structure. 20 Fig.
1B is a pl cBUMMARY & THEINVENGHONAt i on profile of minority carrier

reconbi nation centers (i.e.,. aJd{nority carrier Lifetinme.profile),in the
thyristor struct H'Péc_’r@ft% iog-!ccfs@f%ﬂv_ﬁ%t\{ﬂuﬁ}?r?ﬁ’fcf 15&’5?”)"?5" 8FfJF1851€gene_r ally
depi cting td§stal §iEbd Ye 2R Slitdbds RIFUis Ot the FattRBGGH oELBAIRNI AR poRRr HEYiad | ve

to the depth of a silicon segnent (extending fromone surface of 25 the
segment to hawingincegasedsvitging spiedgvithioat deattandant inveease in/fosyard voltageor dance

with the present process. Fig.  3.is a plo f .the, plati num.concentyration
Versus the Gapt tregrorrergtrrdinsin iRl vRh R R RIS HLTSH BRI o t he
other, but @&¥&idoAGf i80St dantd TeddheilBRlon&Shierss M RYisidh &%ﬁé‘ﬁhs\é’%ﬁent

plati num concentration profile as a function of 2..9 JAN 2003
00/ 08677 PCYhigB®ontamsregiany kaying:s impraed Mmerithearriepserombination Fates the usi on

mechani smi Qm nant t égg . cansent.t: [ ' erally
uniform Fi %r_o gfl |nsglt21a %ﬁ%ggsso@e e %%Pﬁggr@c%%é@# ér)e% éginv‘gfﬁghzh?g%gnb%t)t h of
the siliconusdgimRtan(skiabeimg tiaaanemie osier faprefilothe vacaicheoncdatatiexcl udi ng
the surfaces 5 thenselves),, shoqwing in detail ,the platinum concentration

profile as thereifiendothedroYisignOhsih 2 piogesiiR ihidhanteaestiial platinumedoman rEm i s
dom nant angd i q i [ =19 Lform Fig. 5
s a chemmfrags R e FRAAREEREH QRePRll e v AERGIR YpBMA T 1 95
t hrough 6D @neemtfiioh efier ghkmligeptresiondinghe ti vchiyoonoaetion arofie. 10
relative to the depth of the silicon segnment gextendi ng fromone surface to
the other, but eRethidfE ¥ hdhSRIFFARENNEFEETARL) 2 SBHBGYHE Stlisoueagsient  he
various platinumconcentration profiles which may be achieved as a result

of the dif fléqﬁ'éﬁgttt“'%ﬁ’ﬁ@d‘i SRRy parallel surfaces, one of which is the front surface of the segment

and the other of which is the back surface of the segment. a central plane between the front and
back surfaces, a circumterential edge joining the front and back surfaces, a surface layer which
compuses a tirst region of the segment below the front surface and a distance, D,, as measured
trom the front surface and toward the central plane, and a bulk layer which comprises a second
region of the segment between the central plane and the first region, the segment being
characterized n that

the segment has a non-unitform distribution of minority carrier recombination centers,

with the concentration of the centers in the bulk layer being greater than the concentration in the



Yof the process of the present invention. Fig. 7 is a plot of the platinum
concentration versus the depth of the silicon 15 segnent (extending from
one surface to the other, but excluding the surfaces th%ﬁsm@? show ng
Y%in detail the difference profiles which may be obtained if an enhanced

oxi de layer is present (curve B) or 3n|y a native oxide layer is present
(curve A) duri n? the thermal annealing treatment. Figs. 8A through 8F are
pl ot s genenuilficy lyerqsing pithdghe deatess havipgypane e bdt refile snviich the pepkidgesity 6 t he
depth of the silicon segnent (extending fromone surface to the other, but
excl udi ng trecestarsfina @5 nah beseitgbrlyne vehoht spgeantiatipatgsngraliyiscrgasingdipn the
asymmetric platinumconcentration profiles which may be achieved as a
result of wheteidiiperkedensiorddgidiediion obthe frpt spifase eSthe efgmepicang el diet

i nvention. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS 25 I n

accor dance caicehirative genetidle secresing frempherpsiion priealnddnaity, inghecdiestionpf g dagknt
suitable for use in the preparation of electronic power devices, such as

t hyri st or s saifiate pbthe segdicsdes, may be prepared to contain a peak
concentration iedkgA i WML R S AR ol r

regi ons, of thghééeg%gér?, V\/n:nlgg 1%@?2%?\5&%@6‘% nflﬁg(}%;it%licséléﬁgssggrprgﬁt

cont ai ns ahavingtwat major,ogenefallyqamalizl safices, arendfevisciwtsithl fioat surfacy\OF 3/ 08677

7 2.9 JAN 2003 PCT@SQ%l?EZ%é@P%r atively lower. The present invention is
further cﬁﬁ?ﬁ‘&f”e?q & OB Ohe hRACK PhEnPaseFRCHnfehe sidreliPRntis ed
into the SidhvE@NthB®ont ¥n@BEKRIACEO MIRNLHNOR REQEicHSed nﬁﬁlafﬁhﬁst 2ps4.al 1y

corresponds to the .va(;ancgm;;onpent ration profile, thus establishing a
r econbi natundfermahistabuitemelminagity oarrigr rdcombindtion wghterst batveersiheifmmhasdegrrent .

Lo afirsoobp aueceentr ot Fey it PharerRalihar harpesonerans fotra s foer sol y

propor t i onabichHikieistMedH thatficansi@face iant GRNcdnital pRge 984 RELS: t\é’fﬂﬁfﬁoﬁf eate
di screet energy levels in the bandgap of a sem cohductor. These |evels

of fer an ensieerthan theeantgl plgnettbheoncentration oftbo Mromdtinasionafenters excess

carrier across the ban h ncr easi t.he rate af which this occurs.
The typi cﬂcrﬁﬁggkﬁﬁe\%@gﬁuﬁceﬁg(ﬁ%& ’fegl%%ﬁrg@fwgoqcﬁpéa?%ﬁ@ i s the
mMnority Gatfdalds fidRe GEeBRIn dfindvif@id dBhcehtrdilt tBaBé CerBalplanty carrier
lifetime of a sem conductor to may be expressed by Equation (1): io - ~~n Q

to may be :
NT). i C 1) | Brhapreseat nventign isfurthercdipgeted tolamspesss 64 haattmatmerd sigglearri er;

)
ais the ra. is f er i nat | nter. for.the mnority
Carrier: SopioBh YameRak i e WSRO MR SRR For &
gi ven semiresombigitivn cenbees onthy segtherstt dblessilicdhaBEhetit Had af fient Fhrfadel 4 Yagkarri er
lifetime equation is the reconbination center density, or concentration.

Ther ef or e SUHac% A GERNA Dlae hetwesn the fonband bagksusiaerse 3 sudagplaygrgvhials (where N
A * . ; .
e g e G DSy kb SR S g o

n concentration erevr), a layer

of materi ahedssred Eu thetraarerber adtetvastihe 2entrdllinw) asdia bakdsypfvHidte
silicon segnent with a higher concentration of reconbination centers than
in both oFORRESEURE 5ed0R hihGiFsement ety patths SRvER Platiciand suriase lreer dhet hese

recombi nat{ On CEM s s heaSCOEB hEFohYent bl MSHERSEREE o B crfstal lattice
vacancies in the surface and bulk layers, controlling the cooling rate of the heat-
treated segment to produce a segment having a vacancy concentration profile in which
the peak density is at or near the central plane with the concentration generally
decreasing in the direction of the front surface of the segment, and thermally diffusing
platinum atoms into the silicon matrix of the cooled segment such that a platinum
concentration profile results which is substantially dependant upon the vacancy
concentration profile.

The present invention is still further directed to a process for heat-treating a

single crystal silicon segment to influence the concentration profile of minority carrier



WO 00/ 08677 8 2,g JAN 2003 PCT/ US99/ 17726 Reconbi nati on centers may be

I ntroduced into a sem conductor by a nunber of neans, the nost connDn of

whi ch being the diffusion of a foreign el enent, typlcally a neta into the
silicon material. In recent years, nuch has been | ear ned &BoAN ¢ mﬁ

di f f usi o O89®3¢Hcor por ati on mechani sm of platinum a reconbtTrusisan7msent er
5in silicon power device technol ogy. Experience to date suggests platlnum
is not incorporated into silicon by thé typical substitutional or
interstitial diffusion nmechanisns, as is the case for boron and iron,
respectively. Rather, platinumis believed to be incorporated through one
of two possi ble nechani snms whereby a fast diffusing, |ow solubility

i nterstitial gliRhafdfsdnfets irtht sa0RERT MaM shikbA sggrémér?"ﬁag T AP it hce ]aﬁdlﬂ' gh

SO|UbI|Ity su stitutional species by interactin I ntrinsic point
def ect s, dnack sm*fzs:baﬂhelfemn swrfaoedasing @y anatied dxidolaysepresdnn therestn) andd S .

For purposes I nation,. O \hotity.carrjer lifetine, IS the
resul ting C(‘}ﬁ’&té‘ﬂt %Pce B ‘?‘ﬁ@%ﬁ%@ g‘fqi‘tsi“é.ﬁ jﬁ)@ar%%ess Foxgpnseﬁﬁxg&tl num
whi ch is i MpRLEiAYthe! ForitRBrfR¢ESRNE sy &t in 2 Ritriding a&h&ﬁiheﬁ%fr&% eRtalpr ough

whi ch a platinumatomand an intrinsic point 15 defect may interact
i nvol vesd t héammqaacneem the segmentt andsthien icantrqlling thewanoking atewf thehestacancy t o

produceas |tut|on I finum at om Thi s..mech is typicall
referred t o ﬁggmﬁ?tatﬁ lgoq@cggulafzanc(y cogcentra&oq. pio afﬂ@(':'h i°8f° H ?fé;}‘“ be
expressed bxvlﬁ@tuatna@mnﬁﬁu)conventrawbn idBetlvédin @ AR Bl a&dahééénhﬁpﬂah@t tice
vacancy; M is an interstitial platinumato and, M5 is a substitutional

pl ati num at @ne nFerer toetbefeonhaurfassithan be contzal plaoa, tha vaerney sonaeniption at i num

atom " ki ck nd_inta

et Bl iRt AR bt burtib 1 B kg St pBicuBion
be exprEssedngefiuily dedredsig from2h rebfdh SOMABKimul:S¥eRB&toh tB’GHe! d4nBadl 17726 9
M " M + | SS) where | is a silicon self interstitial atom IS an

interstitialP %eatpl-'ﬁmﬂnb?@ms a5 thensheymally diffused dntpithe sibieen mﬁmi‘tq fiben at om
For a given, feﬁ@é‘rﬁ&%aéru?ﬁ ﬁig%ﬁk&ﬁaim%dn@%aﬁ%' 9@51@'39{&%9%?@ V! | dom nat e

depends, at Feast usion t enper a ure, and the
concent r at i @abstantially dependant upon the vacancy concentration profile.

Other objects and features of this invention will be in part apparent and in part

15  pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a schematic diagram of a thyristor structure containing a single low
lifetime region,; that is, a region having a higher concentration of minority carrier
recombination centers relative to the other regions of the thyristor structure.

20 Fig. 1B is a plot of a preferred concentration profile of minority carrier
recombination centers (i.€., a minority carrier lifetime profile) in the thyristor structure
of Fig. 1A, during turn off.

Fig. 2 is a plot generally depicting the minority carrier recombination center
concentration relative to the depth of a silicon segment (extending from one surface of

25  the segment to the other, but excluding the surfaces themselves), in accordance with
the present process.’

Fig. 3 is a plot of the platinum concentration versus the depth of the silicon
segment (extending from one surface to the other, but excluding the surfaces

themselves), showing in detail the platinum concentration profile as a function of



of vacancies and self interstitials present in the sanple. If the F-T
mechani sm dom nates, then a platinum concentration profile such as that
depicted by Fig. 3 may 10 be forned or created in the si Iis‘go\p‘Ns nt. It
ey be OW@W@% irom Equation (2) that if the F-T nechaniSmis 7ol | owed,
the plati Atentration reached in the center of the saRpTASPY1 7R ut
equal to the vacancy concentration at the center. This relationship may be
expressed by Equation (4) as: Om- C~( 61 '~ C~gq~C~gqm) 15 where Cmand C,,
are the concentrations of netal atoms and vacanci es, respectively; and,
Ceq" and Cegm are the equilibriumvalues of the vacancy and netal
concentrations at the diffusion tenperatures, respectively. 20 Typically,
C q" i s nuchtyegite@hetimé kdien GaeTFrank, Tirhianediéfsion @BcharBsm (s déminafManSthabout
equal to C'). As a result, when the F-T nmechanismis followed, interstitial
pl ati num at oYAsangy eqncenteation pipfife is generslly unifEMexi st i ng vacancies in the -
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3, transpor t themselvee, shopingin getay # tpugheoncentEation RrpRlstas\p fupgtionsafch t hat
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segnent, t hecancestraiimmeprafle iagemerallypmifmmierr] C' in regions of the silicon
segnent near the segnent surfaces..5 Referring now,to Fig.. 4, jt can be
seen that (1 the TR &sgiemati Gepichont Hioartran Shibe PRTATVaNn: ho - T
mechani sm (Fi g. 3FiRr €A Gr¥aah 80, ark Bﬁtfgeﬁefﬁﬁ?*&%ﬁicﬁ{f%g{e%hﬂﬁﬁn BoERhatigH  orm
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the present édﬁé@ﬁ‘&ét%-prbﬁle%hﬂﬁ&ﬁﬁﬁﬂ% aEROCRANE a3k Mo RO fiffePer fenitd@intdtd CON
mat eri al can be controlled, then the concentration profile of platinumin
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centers may RA®dunisgtheahered adfiealing iestntehe nmaterial at a desired depth
di stribution and thereby pr ov:gge opt i num dﬁvi ce performance. The starting

material for the Bresctadhiopeh g8 ap plotsensrallyAeniehing heplatinug sapcantsdivrent of
singl e yst il i : J i .ngot
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25 Alt er nat i batl excludimgethie surfades tixmpebnes), sfovang gl detell et arioss hsymumetnivy be
obtai ned from an ingot grawn in.,accordance w fh conventional F| gat-zone
crystal gr owPhHnyBEC 6‘&%‘%‘3’3% RT#S?-WB&, %eqﬁéf#“e’él% SRR P B?QF’I‘{‘ 51 i ci ng,
| appi ng, et cBi,Aginfind oq%é%ﬂ,icgg Jresd pesEnehvahtfordi scl osed, for exanple, in

|

F. Shimura, Sem conductor icon Crystal Technol ogy, Academ c Press, 1989,
and Silicon Chem cal Etching, (J. Gabnaier ed.) 30 Springer-Verlag, New
vork, 1982 (HpeqTPRHNEE RIPHION'YF TREFHIFRRED EMBODIMENTS

25 In accordance with the process of the present invention, a silicon segment

suitable for use in the preparation of electronic power devices, such as thyristors and
power diodes, may be prepared to contain a peak concentration of recombination
centers within a specific region, or regions, of the segment, while the remainder of the -

silicon segment contains a concentration of recombination centers which is



29 JAN 2003 WD 00/08677 11 PCT/US99117726 It is to be noted that because
the process of the present invention proceeds in accordance with the F-T
mechani sm interstitial platinumatons fill vacancies in ZeaAi203ron matri x
Upon i n-Wofdoreséon. Therefore, the plati num concentration i .S .a
function of, or substantially dependent on, the vacancy cgflcgjéir’#%](ﬁgn
profile within 5 the silicon segnent. Stated another way, the position
assurmed by platinumatons within the silicon matrix correspond to the

posi tions of vacancies within the matrix. Gettering by oxygen precipitants
is therefore not believed to be involved in the present process. As a
result, the oxygen concentration of the silicon segnent is not narrowy
critical tocompantivelydewer. Tihrpresent nvention isrfither chavactoridedy the fadtahatt arti ng
10 silicon segaent_.may GQ i Ny ntiglly.no oxygen, or it may have an
oxygen concé# fﬁq‘P&F’n %ﬂ"‘% é’?}F ?‘? %eélﬁ@iegﬁ‘ém%’? %‘(}Pﬁorb?“aég‘e?fs"gﬁf &4 gcelr%ég?%n ge

attai nabl e byofilbendtsaisdiaaiaslyicofe§eaastd the vethnty Bokcehirytisrpa@te, tH@m about 5
X 10" to about 9 x 10" atons/cm, as determ ned by ASTM standard F-121-83).
For Czochr alesirblighingym resopmbiration gepfenennegntzasion nrofdledbrougheptithe siliesn t he
single I5 S éa%ﬁé | silicon ingot fromthe tenperature of the nelting point
of silicon ‘(;’ out” 1410 C) through the range of about 750 C to about 350 C,
oxygen preci pi t atWitheut|beirtg losdd centyegrasticmar theord Ot issgbnerblly beliesdnhat, &a
absence of these nucleation centers in the starting material is not

critical toEHOTdH e MINORDESATE Tecomypationifshmg dgunversely prepertientitathe ar e
capabl e of i j; 4 Sl t : eratures
not in excelggll“g#i m-g%%xfj?fél’igg%rpféﬁﬁ%@%%{égfsn ggtg r-et%{r}gdétﬁrrréeértlt% g%ggd%‘%%a%%nem i ng
t he sili conbatdgaptofiasema¢andectof. Tlse lev8BOo{feC ah @nergbiieitstépping stoneg” for can

stabilize these centers. such that.they are_ incapahl e of being dissolved at
t enper at0ur e SEBPIRAIODLIFLXEESS SHTIG aﬁ?ﬁ)’ﬁ"&ba@ﬁ%&’ ?‘T%t‘i’gﬁ%ﬂm% BA 2t when
present as hidH iy ddodr. 'THY DPcS! sakaadidl whichiSRARA 18 ehdtadtediAEhARhIe!iE Yhel O
catal yze the tormation of oxygen precipitate nucleation centers. Iéor this
and ot her r exponty,catierreéasnbipatian lifetimeet.eThebasidminorite cariaglifetimeyoftaal
silicon startin terial have a | ow cancentr f‘i on of carbon. That is, the
singl e crysﬁ%fplcgpg'i?‘if%roﬁ?]@f T SHFSSSH yﬁ%%??@e@‘rati on of carbon which is

| ess than about 5 x 10'6 atons/cnB, preferably which is less than 1 x 10'6
atons/cnB, and nore preferably less than S x 30 10's atons/cnB. ~ 9 JAN
2003 WO 00/ 08677 PCT/ US99/ 17726 1% RNefMNMig now to Fig. §1) the starting
material for the present invention is preferably a single crystal silicon
segnent 1 having a front surface 3, a back surface 5, and an inaginary
centralispl ane 7 haieseen the front and back surfaces. The terns "front" and

"back” in this context _are used to distinguish the two najor, generally 5
pl anar surfaces of the¥stidheermaliesloctyal TREWY 6FTIEFie segnment as t hat

pl anar surfaces of tl _ fie s s that
device w1 subsequent] § i CEARS PR oA Y RSRL AR Wtk bae® R0 O ©

segnent as that term imingsiedcdmderchmd,necessarily the nmajor surface of the
segnent which is opposite the surface ontqg whjch the electronic device is
fabricated. In additi dh il %@9?&368‘%9”%@@%@“% have 10 somne t ot al

t hi ckness variation (TTV), warp and bow, the m dpoint between every point
on the front surface and every point on the back surface may not precisely
fal | w20hi nFar plghmra;semicandpetas thecerly méjustable pamnsatarin thémminohty caveiep and bow
are typi call¥ so slight .that to.a close agﬁroxi mation the m oiﬁ%{s can be

said to fal HIGHRHPHAHAN i DGITHIOMPRAHANCERICH ResUY v CORCTIiraligpy SRSTREAEI1)
equi di st ant ,Batyesa 1{f¥mt biHle 8¥hggested by Fig. 1B (where N is the number of carriers

present, N is the average carrier concentration on the on state, and N/N is the

normalized concentration thereof), a layer of material is required somewhere between
25  the two surfaces of the silicon segment with a higher concentration of recombination

centers than in both of the surface regions. A desired concentration profile for these

recombination centers is schematically illustrated in Fig. 2.



=15 back surfaces. It is to be noted that the process of the present

i nvention may be successfully carried out on silicon segnents of varying

t hi cknesses, the thickness of the material being in partzr IANNgphqd ON of the
“type of deV| ce to be fabricated fromit. For exanple, vj t hin
silicon WOPMERR?? such as a silicon wafer ranging in thi ck%&g Sf’?d#ngout 20
500 to about 800 m crons, may be used as the starting material.

Al ternatively, thicker segnents, ranging in thicknesses from 800 m crons up
to about 1500 microns or nore, may be used. Typically, however, for the
particul ar devices of interest, such as thyristors and power diodes, as
well as | ow noise, high performance silicon detectors, thicknesses wll
range from about 800 to about 1200 microns. 25 In a first enbodi nent of the
process of the preResymbinMesH ¢dbers %ﬁg'ﬁ%fi'ﬁtréddcéd st SE&%B@ ctPP%)i‘Q ber
oxygen-cont ai ni ng atnosphere in step”S1 to grow a superficla de P& ayer
whi ch envel opwfsm%gn@nunﬁt commeparafrvelich being tha diffusiapeof apleignhsement,

t hi ckness which. i ter t t|ve oxi de, | ayer i.ch for

silicon (abou?'plfgﬁ)&% ?10%3 epsi’lté‘foélr[% 9a1 #ﬂé“&%%‘é%? Ias been {’T:Bﬁpﬁaness
of at |east afyout theQifG6n badincdfboratibn héthaidh SFRIAMIRNY RcombinhB888 berOUL
25 Angstrons or even at |east about 30 wo 00/ 0ss7~ 13 ~ 9 JAN 2pp3

PCT/ US99/ § 7712@11m¢g§10ms=ﬁ§ev15< Ef@hn%@ay aFxpeyiegentocdasp sugasetd platindme ie nohowever

suggest s t hat; yut 30
angstrons, whi ?&pg&tté lgﬁ/b IQ%'I%QQEEP%Z%}% %ﬁlﬂﬁ%@l% little or
no additi 0na|mbﬂmﬂisnis, ad 1@ tlsé &[se%r bdrb@aﬂ@fr&di respestingleC Rathet, létinum is
heat -treatment step in which the wafers 5 are heated to an el evated

tenperature tisliesediodedneorapeatsd hrteane of fko Rasle mpshanisms whershy atfast
| att
hoat {r eat mont LR f‘é’“?é’?@e‘%{é“ﬁ%‘ et Bohests b tORBANM0 & WD ifhosine e

waf ers ain@ ragghlbylubitisy substimtimntbspgeies by imemeting withigtriasio pale defectst hal
tenperature for relatively sh&ré.geri?d of .time_ In general, the wafer is
subj ect ed t o AYRhBRicEY Eﬁ"é‘c apg siicen sgli-mierstg)s. CF%P‘BP%BHFCSEHW%‘@P, 117S

C, more pref el Gbriff cdrBaslifeBRRUS is #EQ GmI?g% Eﬁﬁ} tih & en about
1200 C and 127/S C. I-Ilfgyncthe flerst erlrbodl??ent of g aplr e?gﬁéglﬁrl?gtétﬁ??%\% t he
rapi d ther rralspaclne,alel piptsmey whicke rimpedamsuo thapresent prveagorce of a nitri di ng

at nosphere, that n at her.e cantai ni ng ni trogen S (N2) .or a
ni trogen- cont ai ni n '3(: E@“ﬁ% g glcgrﬁiﬁﬁ?%‘%ég\%lng‘ﬁarié‘ Bt of
ni tridingsan @@fmmlﬁtehic@mwsfm&@omﬁﬁﬁlﬁmﬁﬁnﬁmamn afdih IF{/

entirely of nitrogen or nitrogen conpound gas, or it nmay additiona
conprise a naracmqyrtqum@cgasw stithtional platjowm atem ﬁa:mmsdxamsnt is¢ypiaglincy

meai at ol y. GIEGHOIRAY i AT TRARRL PG (LT ger B tre: S e B anresson oy

general 'y be maiafibaizyed at this tenperature 20 for at |east one second,
typically for at |east several seconds (e.g., at least 3), preferably for
several tens of seconds (e.g., 20, 30, 40, or 50 seconds) and, depending
upon the initial thickness and the Qﬁ m&edhfesultlng charag&fristics of the
segnent, for a period which may range upg to®about 60 secon (which is near
the limt for coomercially available rapid thermal annealers). The
resulting segnent mAII have a 25 rel atively uniform vacancy concentration
(nunber %n5|ty) dW If| e. Based upon experinental evi dence obt ai ned
to-date, the at”DSpherexlga@ﬁk891£H§% .thermal annealing step is
carried out preferably has no nore an a felatlvely smal | partial pressure
of oxygen, water vapor it atingerstitial platinug agaapesid, t hat is, the atnosphere
has a total absence of Ldizin s.or a artlal pressure of such gases
30 which is insufficieh?fi%ﬁﬁﬁ?gﬁgmg PRAEUEL OB ant i ti es of silicon self-
interstitial atons

The second mechanism occurs when an interstitial platinum atom "kicks" a silicon
25 atom out of its lattice site and into an interstitial site. This mechanism, i.e., the "kick-

out" mechanism, may be expressed by Equation (3):



2-9 JAN 2003 WD 00/ 08677 PCT/ US99/ 17726 14 whi ch suppress the build-up of
vacancy concentrations. \Wile the lower limt of oxidizingygagan 7
concentration has not been precisely determned, it has been denonstrated
That foWQRHFH pressures of oxygen of 0.01 atnospheres [QI/HP$17%% 10, 000
parts per mllion atom c (pptua), no increase in vacancy concentration and
no 5 effect is observed. Thus, it is preferred that the atnosphere have a
partial pressure of oxygen and other o0x dizing gases of |ess than 0.01 atm
(10,000 pptua); nore preferably the partial pressure of these gases in the
at nosphere is no nore than about 0.005 atm (5,000 pptua), nore preferably
no nore than about 0.002 atn(2,000 pptua), and nost preferably no nore than
about 0.001 atm (1,000 pptua). 10 Fhe xgerid thernal anneak%)gﬁy be carried
out in any of a nunmber of commerciall'y available rapid thermal annealing
("RTA") furnaces in which silicon segnments may be individually heated by
banks of high power | anps. RTA furnaces are generally capable of rapidly
heating a sili conwg’gberrent, having a thiclthicknessaiess within the ranges
noted above, from roomrieapidicah selLinké s wton}200 C in a few seconds. 15 One
such comercially avail able RTA furnace is the nodel 610 furnace avail able
from AG Associ at es ( Mod¥tiapn inferstipial ptinupmatomand, poi nt defects (i.e.,
vacanci eg and silicon I.f i Ly ad r apabl e of diffusing through
single c?yst al sili confm’vﬁgPﬁ%ﬁ@?dg@e&gﬁ%%ﬁfaﬁéi on being tenperature
dependant. The concentration profile of intrinsic point defects at a given
tenperature, 20 therefore, is a fungtion of the diffusivity of the
intrinsic point dEPEe8EYertempbtoiBdbifpserlatinum,vhish meshanismilldoninate i nsi ¢

i nt def ect j s j ol . in.t i cini f th
P otmer atur o SfPoh K patt, SRR diribion SERGR uthEeande WIF 4 clllidnuldh, | 0
st ep wher easof Veyndesarmbsebfintastitiald prosent irethegampley 1€ rerFTahédhayisir act i cal

time period at tenperatur?s,of as nmuch, as 780 C.. 25 Experinmental evidence
obt ai ned t o- HPMALSTGEER AP AN FonceRiFtORRroRlednel asthghdspicted by Figadane es
sl ows cqpsi dgg& alpng S t er haps
at terrpgraat u?ées asdg? 8%6'?@2{13%0&50%%?&%?? nga\?g)‘é of;%%SgEOGFﬁ%&a\@g%é%ci es
can be consi that £dhe¢ B-Tomechanidm isefoflowedirtize planmemcoatdnyrativa cé¢dched intthere
period. Upon conpletion qf.step, S2 he wafer is rapidly copoled in_step S3
t hr ough t he %@??raﬂfglée W@%Fﬁ)@pﬁf Eﬂfdéggoatse\xﬁ?*’é‘ﬁyS?Wﬁf‘tl‘?%?tttgﬁﬁe%c es are
rel atively npibitoRship rhdifbe expbréssdd By BRERioAQ4PR: 08677 PCT/ US99117726 15
single crystal silicon.” As the tenperature of the segnment is decreased
t hrough this range of tenperatures, the vacancies diffuse to the oxide
| ayer 9 and becone anni hil at ed, At ht eading.d 0 a change ip.the vacancy
concentration profile with the g%t :at?’]‘{elo-?etr@ngg dependi ng @Bon the I ength
of time the segnent is naintained at a 5 tenperature within this range. |If
the segnent were held at this tenperature within this range for an infinite
period &f tine, tWhekacancy concentration woul d once again becone
substantially uniform thr . 1 tr.ation being
an equilibriumval ue Ca%ﬁ?g%g%%rg?g%%ﬁgﬁpéﬁﬁ oeﬁéqslétg‘ln%n P%'gggg%é’%lﬁ?’r ation of
crystal lattice vacancrepedtivebdiand,el y upon conpl etion of the heat treatnent
step. By rapidly 10 coolc{ng the se%rrent__ however, a non-uniform
distribution of crystaf ka8 Cce ethsRanibibrinmvalies of thevasgneyandimetae naxi num
vacancy concentration ' Jols : e vacancy
P&&d%ﬂtrétﬁ]oerﬁ o BRAifG0h Fé?xk%egz{rﬁég, rés;?e'%ﬂy%l?

concentration decreasing int Irectron o nt ‘sur e 3 and back
surface 5 of the segnent. In general, the average cooling rate within this

range of tenper.atur i.s at, | east 15 out er, second d preferably
at Ieas_?oabo YPIQQ’}PY’P@%‘{V(BS %%gegteﬁtha@:%gra@e%&?ﬁ%?‘%opmﬁb?e(l'efgge‘ﬁ&{’% upon
the desired ftb ©F). 1i& deQit, \WHA MY F ORGSR A 150011664, GfhepERE Jibgnilr f ace,

t he average cboling“rate nmay preferably be at [east abou per second,
still nore patefsmwdiitlyaratiniditfisted diblahe exisngvaanciseinothd sampletand betame) r at es
in the range of .ahout,.100' C to about 200 C per second being presently
preferred fofubsBulgRE 18 B PreS¥Fons. Once the segnment is cooled to a
tenperature outsi gefhig sAMIR Bk, 3,8NNEN K 46eR thabtheiiicpdttioh bebien idtbiktiga -
vacancies are relativel’y nobile in the single crystal silicon, the cooling
rate do@§ noplatmpeatomvarsi wpsandiesdaprgduca stbsiteonahplatinema ecgurs capediys that i on
profile of the segnent and, thus, does not appear to be narrowy critical.
Conveniently, the cooling step may be carried out in the sane atnosphere in
which 25 the heating step is carried out. In step S4, platinumatons are
diffused into crystal lattice vacancies. In general, platinumis deposited
on the surface of the silicon segnment and diffused in a horizontal surface
by heating the segnent for a specified period of tine. The diffusion tine

M B . g, M p— ”~




2.9 JAN 2~3 PCT/US99/ 17726 tenperature are preferably sufficient to allow
for the vacancy decoration by platinumatons to reach steady-state. For
silicon segnents having vacancy concentrations which are 2¥puUAMI20for the
present WQ@O861Nn, the diffusion tenperature typically ramgEgussanTzbout
650 to about 850 C. Preferably, however, the tenperature ranges from about
670 to about 7SO C. More preferably, the tenperature ranges from about 680
to about 720C. Diffusion time typical I} ranges from about 2 minutes to
about 4 hours. Preferably, however, the time ranges from about 10 m nutes
to about 2 hours. More preferably, the tinme ranges fromabout 15 mnutes to
about 30 m nutes, 10 Preferably, thermal diffusion of platinumis perforned
uEder ?n at g apbat be seenfrons Fig 30h‘hnspﬁetmf(mnteaﬁti?lr]ﬂatf)n@ﬁsmlngris gﬁfmuﬁﬂy )

t hereof . An _oxygen-contai ni ng. atnosphere may. gl so be enpl oyed, given the

| ow t enper afast é‘é"%éﬁﬁq tékﬁéﬁt%%}:%f’ﬁés gyseRtally tBP%E@%%’?ndFE)‘V\&\P&hFHWTCi ’glstte bse

not ed t hat # 4 R | dpf ! er any
at nosphere \%ﬁ?gﬁﬁlr}é? rt? ttﬁﬁttewﬁgﬂ/@?en%e{ngtﬁt?g%{%tfgﬁenp c’oyegl,ql% é%g{se%?l%tsld?%sult

i n the inj edevietiomfropoCht Qeihacgions nf the shizos s¢gnuam nsaghe segrmamt surfacest is to

be noted, however, that the precjse time and {. erat.ure. needed for the
di f fusi on pr ocesgﬁfmgd‘é??”. tPg{lg'p4’éE ‘i’ar’?t}’rﬁsﬁ?‘bﬁ)ét ’?E&f’iﬁﬂ%}s qfég%]?".cﬁﬁ@h, or fill,
vacancl es p&?e%ﬁé}j.niﬁxzng'ﬁfgféﬁ) ghd %@T%&ﬁ%ﬂ%m@Yg.!%ﬁé’coﬁ{pa}ﬁ?ﬁfe g part, as a

function of the t ss 20 of the sanple and’ the nunmber of vacancies
whi ch are pmeskatismAsovdessniors unifirmogeptindisiributien afitecombpmtian gerdenspy be

det er m ned irically...For..ex le, a silj.con nt . j.vided into
several por &gghé’ea"r‘?&p¥%“ee?f tg% gg%e?i il Bcetnﬁrghg%p]rg%i%%fom 153%{5 '(b)fP ‘gif{OBFYﬁri num
onto each, hqathd fa6that\laSRaah altRiid ineBrpufitdtthyttng FeT efdchidism appshr teBPEr at ure
conbi nations. 25 Silicidation of the sanple surface is preferably avoi ded

becausdOsi | closelatrelstedriafhe varaney ¢oncepeation;psefile svhielt isghe frcusief hemresent

Mechani cal st rai. ri.ql . | l:4:cid ayer. which may
have a non- HE’&P*lg?m‘h?k?ﬁ%ﬂg%%‘gﬁ%ﬁ&g?%{%ﬁ% g]tl?‘lf éullsl|8‘%)nnl%ai&ﬁ‘éﬁfdlnobr?aI ly,

si licidati ogoftollddgtimanmd corvuntrativn profiled\piatmomindbe dewdibd may afsbbence on

pl ati num detecti on or neasurenent techni Cé,ues. Accar di ng to mnimze the

TEas ly :
30 pot ent i are§trellegaproyidadinidiuden of the fplatinum oma folinwsthe £ek sechamismy at i num
deposition 2. LN : : rably
results in a surfice é%%g’g%lg\?é%%%gé%zPgégr{tbﬁzeﬁﬁéﬁéﬁgn%d%ﬁ %@é%dovﬁgﬁ%lﬁn a
pl ati nurd noewtepysducitdy cemspslrthis cdrreatrationf profileanf escoadrinativhreehiersinahe about 2 x
10'5 atom cnR. St ated_ another vva% it is preferred that a quantif}g of
pl ati num beSEpBERatair! BxagvHHRSSGFY GRS VasEnQyRoBCERtEaop RERfLEhe
resulting s Cbad10Hg RCFachRly BRELEHABR BHIA1E withiPie 311RBR/ CNE.
Pl ati num de%i@%ﬁ%énﬁ%gﬁgg achi ev%d chgrgz;s}jent iall yl agy lmet htog:llptggmmn in the
art, provi dethteriat andttenoadititas podenrwhioh platinumheindéiffused indbmthefmateriplasucht y of
pl ati num onto th rface.of.t siLlicon .segnent which result.in the
reati on of HALMEY BRI is falloHetRGmRgiPnseise: Hey Beeet it o t he
bul k- ofzd he g matER4] 2tQ d%giaé,mdigzh 8RHBuEbh BEH BlerdbyPHoviaY 8p@hatn ON
techni ques may be used to deposit fractions of a nonolayer onto the surface
of the segndavice petfemrancevel y, an acidified plati numsolution, having a

pl ati num concentrati on.of about -1 grani|it for exanple. . .be deposited
onto the surfaceﬁvsgaﬂ‘ﬂg %g a?m&“o ePﬁ%%srssoﬁlt{f Rrﬁseenigﬁnﬁ‘é‘h?“ ’i%dcﬁ e
sol uti on, pesgxﬁéxﬁmmgizé éz}fysthm}i&a‘f whieh haé béchalisaDfBMta dinsle sl ifgeat ed with

a solution of IS HO : Hz02: H20 (1:1:6) at about 80C for a%out 10 m nut es.
grown in accordance with conventional Czochralski crystal growing methods.

25  Alternatively, however, the segment of single crystal silicon may be obtained from an
ingot grown in accordance with conventional Float-zone crystal growing methods.
Such methods, as well as standard silicon slicing, lapping, etching, and polishing
techniques are disclosed, for example, in F. Shimura, Semiconductor Silicon Crystal
Technology, Academic Press, 1989, and Silicon Chemical Etching, (J. Grabmaier ed.)
30  Springer-Verlag, New York, 1982 (incorporated herein by reference).



After the in-diffusion heat treatnent of step S4 is conplete, the depth
profile, or concentration profile, of the platinumin the siljcon segnent
qay be determ ned usi ng means conmmon in the art, such as thr hWAMa0se of
deep gpsi ent spectroscopy (DLTS) rreasurerrents | NpePRIsSEPAsY nent  of
t he DLT 2 rreasurerrents, silicon segnents sanples are cut 1nto pieces of
about 1 cnR beveled with angles of 1.17 and 2.86 , and polished. A | ayer
of silicon about 15 m crons in thi ckneﬁ is then etched froma surface
using a etch solution conprising a 2:11 ratio of HF (hydrofluoric acid,
50% sol ution) to HNO3 (nitric acid, fumng) to CH3C02H (acetic acid,
glacial). Schottky contacts are deposited by evaporation of hafnium For 25
ohm c contacts at_the backside, galliumis used. The detectjon ranged of

substitutional plHds ol red it Pagausmtheprerspenithe sreseMdnesionproceeds in
concentrati g i

T < 8 < Loty Wich BEETBROLRRE e PR, SIRGESTRS ifhe
det ecti on neilnmﬁnammp‘onrlhmffudeﬁcﬂ"hhefbreltbephan&n cSﬁ@cntrfaabn@mB isea.

articles by Jacob e g@g Phvs" 30 vol. 82, p. 182 (1997);

Zi mrer mann pr subﬁ?gtl Srpsnderyronpfhe yasamay CWW‘GBG’T?ﬁIE gthamn 2003
PCT/ US99¢ 177, ngHéﬂ 0 &Q4 ons,

J. E ectér och%r@n's%ig Py cl et tytStéth §1]&}1139 Wﬂ%ogml%g%éd%’hner %x%brﬁ esel e,

Sei | ent hal a\mdhlﬁnhetmhemn maVMamgspmd\meuhb pasitions N&wfaeandxwlthgl then@ir«. con,

Jour nal of stal .G owth ol. 9., . S82 9 3); d Fal ster,
" gvesti gat % eﬁﬂgﬁQ(eo’W@aﬁ E\éEECFQ} 8%‘}5‘5 i’&'?f)%etdé? Q“?YP t’ﬁc{;‘é‘ﬁg%ll ski
Silicon At Afrefent bﬂbcgsag% a redan! theBR}’@en deﬂ&éntrat%ﬁ'of tl@%hcﬁ’m s%%éfént(&%gtz)

and, Zi mermann and Ryssel, Appl. A,

result of t hequwlspnemjadlﬂmpmcoﬁ‘s OtfltiE mpmemvepmmesg;ordmg]y t&mmuyg regi ons

| t ed thin the bulk of th d
saggegugm I flﬁc@@oﬁ%gpgﬁt rg%y FPPtI%‘g’desﬁﬁ}’(in&ﬂO%J%%{} %%rgt m%l?nag/ﬁ a%?‘é“%ig’ff used into

the silicon JcaRemBAallingARFVhERGEniNOF BydnButfidd tHEREAANtRIRablShy fhkust I at ed
by Fig. 5 the resulting silicon segnment is characterlzed by a regl on 17

whi ch cont ai Gzochrabeka prasiess (whish &6 trmaﬁeis(ﬁwm gt §ankdhtoratioub® x381” ng
subst anti al I;#mg;sz@rm e%{fﬁéﬁt%yg ™ @arll?cfm gnment contains regions 15

and 15' whi r ont sur ace 3 and’‘back surface 5,

respectively, to Pord®aichralsidpgown siliéon,epRaiigglupch the gbslinglratbf thBsinglel i con
15 segnent, regions 15 and 15" contain a relatively |ower _concentration of

pl ati nubg ( ndtfyféﬁcﬁ\kﬂonéﬁ@t fiemdhe E?é‘%ﬂefamﬁ(?ﬁ@s@ellt’@ﬁ@@ifntﬁf idicPR (abeyt r i er
reconbi nat i ofyfyl c§ gh%wgk%uﬁso PEal hﬂ&{{{‘s%@“%eekg?éﬂ[ i%t%h' n
t hese surface Iay rs of regi ois may range from a I ow ¢onten ra POH°of 1ess
t han about Inuklehfion aémem/maPbe Eqmted a‘beptesanoe ot@bskna¢ ofhesaucladdiotit 1 x 10"

atons/cnR, or even a peak concenkratl on, OE out 5 x 10", 20 (53(0' udi ng the
surfaces of ERETS BghE ARYIDEEPAY ginehchtice! (Pé?fe%‘e‘@}‘@rﬁ’tonr A efetaRh: ous

zones or regj{ %eg)ﬂ?e’eﬁﬁgﬁte&fﬂé Rhpabid $tbet &%ﬁfe‘&'ﬂg’rﬁkﬁt &B&@%@@ﬁ%\%l ch is

concentration profi a tenplate is effectiv eated t
witterR@ patinperatures jpotdf nkees[s of abdue 18e& &Ct iChagtapi latai- trathemuhrzatl on,

after in-diffusion s t ted. t hat ue to interactions
that may. oc ARne g the st CSSG %%b 4@ é’g éSWJS%P%*FFrﬁﬁﬁ and
intrinsic pOgtmh%%&%tc%n&muamﬁxamep&%sﬁ'&bable%?sélﬁgae%orwd aeeh@ Hgés peak

concentration an aratively, | ower “concentrations are | ntended to
excl ude the xmthnc:masmﬂsz@ueNS(Bf@t ed anot her way, the sil | con segnent

f t ) i der ed \when det t th
Concentrati on pr ot SBUIBIRLSH AL R E R A< PB R T S kDA SHSE

conpar i spns haseatiherts @atalyze\Wet BHIABEH 6f &B/gen precipitate nucleation centers. For

this and other reasons, therefore, it is preferred that the single crystal silicon starting

I num

material have a low concentration of carbon. That is, the single crystal silicon
preferably has a concentration of carbon which is less than about 5 x 10' atoms/cm’,
preferably which is less than 1 x 10' atoms/cm’, and more preferably less than 5 x

30 10" atoms/cm’.



=2-9 JAN 2D03 PCT/ US99I1 17726 I n accordance with the process of the present
invention, the concentration of mnority carrier reconbinati opgcw%\]z in
< egion |7 is q%i marily a function of the concentration of vacancies i ch
are prestRPY8Ai ch inturn is a function of the heating sPERUSSYI77ahd
secondarily a function of the cooling rate (S3). Likew se, the 5 depth t,
t'" fromthe front and back surfaces, rlgspectively, of the regions 15 and
15" is also a function of the vacancy toncentration, which in turn is
primarily a function of the cooling rate through the tenperature range at
which crystal lattice vacancies are relatively nobile in silicon.
Accordingly, given that the depth t, t' increases with decreasing cooling
rates, the cool i Rgfarang nawyto 5isg. So Hierstarting matesisl fardhe gegsentdneentign 190 | east

about 10, 2 0. 4 ! [ tajnabl e. |

second enbogtl‘elfr%%?lyés’"ﬁgma/rggaéglrllltc gﬁfg%%éﬁ%?éEagéggﬁjﬁtgﬁ?eﬁ.a%aﬁﬁﬁﬂ'ﬁgceas’
nitriding, aeharohafizir)@entedlphapifbewean the dbnt Md bekheafatag Theapinss t her mal
anneal i ng) and cooling steps, in place of the nitriding atnosphere of the
first embodifemt an@;@qc];bprbg%mnﬁfaqt g ussd phdisirgyisicihg dwoangjon genaspilym  neon,
carbon di 0xj t ) = PX1 6 Zi - 1.ridi el ement al
and corrgounhﬁgzgssglgf:1 c%r%ﬁi%ﬁ%h?’gp Q%Eﬁﬁﬁgégpﬁﬁgﬁﬁgﬂ%&bﬂé r%“nlssplﬁg& e, like
the nitridi hgeintisnspieeessaritpthe sorfae ant@ whidhedn eledtyonsadd dicwill subkeqifeaggur e

f . l.e.,. t] | th 0.01 atm, 10, 000 t ,
mor e b ot er hiFptieaisd Bopisine Detuiens of B sbBnm ek Bt by s prCkarRbl y | obs
than 0.002 g(%é&saﬁgy 8R0nHBE sdtace %P%e@@%ﬁxeﬂﬁ whigh ?stﬂrpg:okﬁéﬁxetsﬂ?fgcé)oﬂgng?%ﬂ; s

(1, 000 pptu 2071 n a third enbodi ne of the present invention,
(t he t her matheakdctianicatevidedp fabrisatedi it adilinen) betess sidicon segrsérts map haegnent

has no re than ajive oxide r. Referring now toQ Fig. 6A, when such
a segmefit i?%%ﬁ?é%t@&f%?faé@ﬂ%“%d}ﬁ@r W&fprﬁ@ptf?é‘f’ 1¢ .dmlg@}gxgg@ T8 ef er ence
to the secopgnenbadi Me sudRVid LRI oh the SHK surBlcB Aokt BrdceRe A

enbodi ments” 1 and 2 are obtai ned. However, when such a 25 segnent” Is
anneal ed i nwathini & plané;rg agirassphmetsr, bowéveasthe A3V, ofarp hed bowsire oplatly sent |

the effect differs fromthat which is observed en.a segnent. having an

oxi de | ayer SRt gﬁ%f%a afgéaﬁ%emi“ﬁ“#‘ﬁf‘éi%@_é Omﬁﬁmla % '?%E’glx‘?’ PRyer (i.e.,
an "enhancegnpuh49 ckﬁyaqrpﬁimlvsmamm%baﬁimmery dqurbSEnidiRea@E FonVisn t he
segnent containing an enhanced oxi de layer is annealed in a 30 nitrogen

at nospHér e bpgkgurfaegs; a substantially uniformincrease in the vacancy WD
00108677 20 2.9 JAN, 2~0~ at i i '

Chr oughout ¢ he. sEAmSnTe Aes i BiknddebeBe REERe B bilby Ao Z6CHREES Ly

anneal i ng t giFAed attdresilif o $dagtentsrof vahiieg thiclkaaeys, ahe Gackiead o Othe gaR&id10t
appear to significantly increase as a function of anneali ng:ti nme at a given

anneal i ng t beipeiapart & funchop @hthedype ofdevacsio e fabsisated fsom it Forgmample, ¢ he
segnent has 'n@-S- I Ve 0X] I dif
the front aﬁgaq%gi K snusflpgé:rgss 0 H%,%gf@;gaé%?&ﬂaggfegg%%ggg %E?\%F rﬁf@g[g%,) he
resul t 20g ss@@Hbout §00 Mmivrensy meydensyd eotheatirtiey materiah uAiematiesly; thicker
profile which is general]y _"h;shapgd" far .a cross sectiaon of the segnent.
As il ustr ate@meBis, FANgIngsR thicknesses rom B myigron up ¢p2R0W PP mictery or
subsequent | enf&ﬁr]dd' f BYYEI 1NG ally
"M 10 shape%mpefor ec]lusg&i't g%%%\?ég{gfﬁgﬁgﬁﬁ?ﬁ t edén‘géérsrbglﬂ@ ggtég?églgafson to
t he surf acethiytistets andvguivedy dimdes, asvell asiloiv rfodse, high perfonhanesilicopaietdctadsf ect s.
More specifically, a,maxi nymv can%g co cenﬁé&ii on will occur at or within
several mi clhégesses Walhgange TR A P EHRRME 12YHMICTIRY back surfaces and a
rel atiwely const } 1 - 4N :« L he

bul s, 257 Th the B CrbSaRt COUERRCER) dPRe BhosfntIar i SRl ¢

appr oxi mat eheat-ergatat in en bkggenerontaming ainoesphbriedh siep Soite graved superScial axdde

segnent s havi ng. ap. enhanced oxi de er, after having been tregted in
accor dance W?‘}% WHE?‘F?P@[%HQH?S Spﬁ%’(?@%?%ﬂ%%f%ﬁﬁgx@ﬁﬂ@%rgl A2 @.&u%"‘.ess .
Furt her mor ey A1 i PELRAHEnI tRe AARRA K DalérWhivh Fmis@fehisiliddnibdupgsease in'.
vacancy concentration in silicon segnments |acking anything nore than a

native oxi d&ngsiymns); preferably, the oxide layer has a thickness of at least about 20 Angstroms

30  and, in some embodiments, at least about 25 Angstroms or even at least about 30



20 . Accordingly, referring again to Fig. 5 when a segnent having only a
native oxide layer is annealed in accordance with the present process under
@ nitriding atnosphere, the resulting peak concentration of 'ngAﬂQ“P
carrier reconbination centers, after platinumdiffusion, will initially be
| ocat ed JENY¥4FT% within regions 15 and 15', while the bul RCTUSeI1T7RE
silicon segnent will contain a conparatively |ower 25 concentration of
reconbi nati on centers. Typically, the3ﬁ3regions of peak concentration wl|
be |l ocated within several mcrons (i.e.”, about 5 or 10 microns), or tens of
mcrons (i.e., about 20 or 30 mcrons), up to about 40 to about 60 m crons,
fromthe silicon segnent surface. Experinental evidence further suggests

that this difference_in behavior for 30 silicon segnents having no nore
than a nati vesiErRs. Experimenia! evidenceiohiaingg tarfate, howeygmsuazssts it 08ide8677
PCTNS99/ 177 eyl YOl [ j Jwol.ecul ar
oxygen or aﬁzgfeﬁ%?gg{g? g:&g ng %%a*eﬁ%g‘ﬁg@n&p 8%&3%“2%%&{6 g&%&rﬁgx‘rﬂlm ; when
silicon segtendesired effect, provider léttiebano addidbhaldenzfide | ayer are annealed in a

nitrogen atnosphere, it is preferred that {he atnosphere additional]ly
contai ning a smal sB’QréZi e Yafesis sreged %E&Vd'é?fla SR IR U thevafers

conditions i (SYiley i L i i: t he
same asq;egﬁagfllkgsart%sn%ac% hav%ﬁ@ﬁ%ﬁggﬂ{.oxi ge%?ﬁé?%ﬁﬁ?ﬁ%ﬁ?ﬁ%ﬁd to
any parti culoficrystaddatiice vacangipehd in thhbdulkslipefwafer 4l Poofemblyl, thisheatwhi ch are
greater in thickness than_.a native oxide |ayer serve .a shiel d which
inhibits ni WE‘&??&F&BHS 83{1'“?‘?.8_“@5“&féB‘rﬁ‘.‘g?\TPia?\P/Bﬁ‘?z‘fri‘BﬁV‘?@‘ @a"faé?/fé_afet o result
in the formydigh 1RateliQo ¥a&RBCeRPetdlure Ahd bitRealdd £Ghdt QmPEraiAC AR GIr8RL&Y O,

the silicon matfix. As a result, as nmay be seen by conparing Figs. 6A and
6B, the pealkherdopeaed phtilnen Ivgencadatheivender(iagabjettad ta @ topnpratate inexcasaoér s

't S Vhcalle od Tahele PiedRafy L 1B P RSk R P St R 20 G e
on the star txﬁd%gfnﬁdfbﬂaﬁgrbe&e@ﬁ&iﬂouﬂm(ﬁﬁ@ endrezys nCsitu, by growing an

enhanced oxide Tayer during the annealing step. If the |atter approach is
t aken, the at mospghdhefigtembedimeat phibe @raspalrinuentionn Ewirepig therapa! prnshlingibl y

contains a t.] J r I 3 . 0 tua), and
rore prof or Sapy® Bulh BACH Ee BlesBlod GRS RR dodiS, BT b AR
pptua). Ref ebfitaliing@diogen gasi(Ny) obAnitiogen-tbntaisiyg canpdindl gis Sudlpds dnombhigse of
the first and second 20 enbodi nents of the present inventiqn may be

obt ai nekP  HIRESkels capghle PhRItERE GRE*PISE SIGN FuidRese (hSAInotRisTRRY Hrs
pressure of : . 04, ; INIE-A

Wi th parti aICB%%I%?sﬁ&?%gggélﬁﬁgg%g? ar?ggxi.i %%fé}g %?%&F 531018%{%69 ilfa"?g& 02" atm
(2,000 ppt uanonaritidingegasGuob is atgon. A i0G@agenn by vivehegcomertraiioaf er r ed.
However, it is to be noted that . as an alternative.to utilizing an

at nospher e SHORRAYS fheSegmeEn; ’élacbﬁe&‘gﬂ?&gyoﬁn&%’@ﬁfm{% UPPR iaE}Hg"@%gFFent may
sinply be agm?- ] §2h ineRR&Rd: é%ﬂﬂé?
nitrogen atnosp 121 é&gg&gmﬁé;u?ﬁ%l atﬁ%ﬁ%@@%@g‘%ri bed titllri}gtthe a t(\)l\?/ee
enbodi @t s for & leshpheteeondl gpicalyyion ableast atvang sscapisieyg., belepar3)or ned after

t he segnent has en allowed taq cool, or ternativel be perforned at
t enper at ur e PFS E.’@Bﬁ’&ﬁ?‘fv@r %‘Ssogﬁﬁ%qxﬁfls ?%g's?é’ %%’ ﬁ@,tor %F?@y?‘ﬁgd pAding '
t her mal _anngghn 8iARihtiderss SRIBE SbSEN redultind\CHR GisticHbShXYSRENt, fofP

001 08677 22 =.9 JAN 2003 PCT/US99/ 17726 anneal step may optional [y’ be
performed f periahyhidh magerange wp telabait OB secondd Guliehns seagshelimdors by which to
further tailor or profile fhe vacanc ongentration.within the.sjlicon
segment and SOREESEiaHY ayaiiab é’gﬁﬁ‘ﬁﬁ?{g%f’%{eﬁ%ﬁ c’@r’?ég‘ﬂ%% ?CWGHEW{IE%%‘{G %ei ng
hel d t gsany (&g uhFmt RAYy coriceh@athnl (nevBer aéiﬁtqépmﬁwn 5 anneal i ng
results in the oxidation of the silicon surface and, as a result, acts to
create an i nwar d Basedupsin experigsatad gvifencgiobiaingd tosdate, thihatmosphese th Whisk of

concent rat i bif ppwrpaa fefok i EeuRer Aiee el Bh A0 oA st e

surface andgsiARpafmY pREsure v6Rygeh, We@t eapoviand otiey agiiiviNg gaRsaRAtigithon may
therefore be created having a depth which may be 10 optim zed for the |
particul ar ewmpspheredfas ﬁlﬁ@tag@%ﬁp@@ offexidizing gpsssios afpapial prasare of BiAht888essi | i con
segnent,, Referring naw.t Is ool . , endi ng
apon 1 10 cone Breiiibh Rl RO g s o FRE «SERlen i R ST, Y,
nunber of different platinumconcentration profiles may ultimtely be
obt ai ned (where curves A through E, respectively, schematically represent
different profiles obtained under 15 different oxygen anneal conditions of
the present invention). Mre specifically, curves A through E of Figs. 6C
and 6D illustrate the resulting platinumconcentration




-profiles which may be obtained as a result of conducting the oxygen anneal
step to alter the vacancy concentration profile, prior to plagiJanggs

i n-di ffugj ferring to Fig. 6D, for a silicon segnent having a peak
“concent ﬁwgﬁsﬁ 20 vacanci es near the front and back surfpzfgé'és,s’glil'fngs to be
noted that after platinumin diffusion a segnent may be obtained in which
the distribution of reconbination centldrs is non-uniform Mre
specifically, this segnment contains a non-uniformdistribution of

reconbi nati on centers wherein the maxi num concentration is in a region
which is between the front surface and the central plane and nearer to the
front 25 suiflagesippeats thehERPEp of vathidieconbkhthatioRe WaEeRY [o¥er AMMiOSS t he

nucl eation centers increasing fromthe front surface to the region of

nmaxi num con@¥idizing gehcansenaatiandiasnghbeendireeiprly detgimained it hasbieaum

concentratign r.al J nt.s_having the peak
concentrati gﬁmégst%/agegdaﬁxgpgog %\iamrt %b]?%gf‘ﬁgso‘%fuwglﬁgg?ag %QE%SP?F%X&@%@% nt, the
dept h t and10,000fpaftegeromiilidh arvntic {Spma)l 86 PRtédsy B Yacaky dorettutisglagehbvel y
increased by controlling the rate at whjch oxidation of the surfaces WO
00/ 08677 23¢ffey lgmezm'g Py WWeopreterred dhag the ptnosnhese havea patigharersuredf is in

turn depend Qubet: of , |

condi tions, %?%%%gérhgtog}rle anﬁﬁlélﬁtgg%%oqﬁﬁ%sg %ﬁb%%;%gﬁé E?%gﬂ?@(gg exanpl e,

the rate of peeferdalyithe paitial piessure af thesesgdskeircthe armdsphére dsn@oexthgeabéwnt t he

at nosphere increases, Wwth the rate_being greatest when rogenic steamis

enpl oyed. | Prh%é afrg- fée‘)@'&omaa% Rwre Pﬁ?éef%#@ OJROTE Shrdh *PB%%Og%FtW-H%OQQi dative

t r eat ment Lt ) ' ' t erature,
"R¥mAs ARt g?éfér%geao%si % g}ﬁﬁﬁﬁn %’?’Oﬁ@‘dﬁ fahﬂ.gg,da@ Juet]

duration and” at hospheri ¢ conp r to optim depth t
and/ or 10 . Howevdihg ragidgherstahamgabmiag be chaiedput i amyydemuarbepygf ogeni ¢ st eam

is enployed in the prese [ 0CessS ref er.abl, artial pressure of
oxygen in tﬁgma}eﬁgglgx]gyaépa&}qpqap@éﬁg{mq?é%etaﬁlag&yﬁ‘f‘%‘s '1‘“(3_1‘80"&& %E?c_ﬂ’a)_, and
more pref er gbdyerd ma§ BelindiR MG hOAELbY Bk sRIThi) powed 1&:Hgt>§. REQFRatds 1S to
be noted that" the limtations placed upon the oxygen content, or partial
pressure, fare gemerdlysapable afirapidly begmgSpsilicen segmenty paviogblthickmess within

i I f th Furth ' h ' f
Vacanc es. - SFerBd oL BRI By T RR PP CTRLBHEY IAoRh AR ERLE R b o 17

(or regisons Ok saélcdmkerdisily Svaileble FUBA &itnhéd is YhelRod @630 F@hacd AARilhIIBPEr at ur e
of this oxidative treatment is pref_erab‘kg in excess of about 1150 C. More
pref er abl y, fomeAGefpoctates @ountain Mieds€Adbout equal to the tenperature

enpl oyed during . agz\ 3 . . 'r - hej | g to any
particul ar theor ;n%f‘%lgﬁjg?ggéjle?%\%zd 'gﬁg%c I ¥:1e§ %g&)f@%r%neérég %?éggtlltgaﬂ)gge sé%%ﬁglﬁ t hat
enpl oyed dusf didfilstig thfvaghmingle egttabsilicor, wdtipthakate ondiffusioatbeing terhperature
reconbi nati on centers in region 17%‘%0 rgmy .act ual Ig decr ease because of the
direct recofgRRgaRto Nl hGFCoRg PB Proffg of BIFngie, PRt esiets pld SivaR EMPSFANE: o

oxi datiqye t r j : la-al: ] ntrolling

t he vacz\zg)ncyﬁgeg%fggemsra I SQQ’EEE?%@%%@?%@%#@F%% 95{&?}‘2&%%5%?%&%

concent r at i estopibiridtioa ratey Foeaxsnpie, iatjnsit point deffects @t ecladivetpalobiigat as

described in detail 25 abave. It .may be preferred in sonme situyat]ons
because. of (SRS TR HIR VPR OB 16 EBFETE 8L MAEE 109 ARG th PRl {nine
approach i s pighf %W%Ql%éﬂ,@p@ﬁ@xteﬁsfhfeytaréjésséﬁtiaﬂ?éﬂaﬁxgggggﬁr?mf tens of

m crons, or several tens .of mcrons. Furt her nor e, xi dati ve
treat ment ofommerdally prantica gumaperiodrag frmpertyrea oy apmutches 2WbYE- descri bed

enbodi ngnts_of the esent invent..o rovides the ns which t

pr epar g%a sFP‘P%‘Hﬁe%tE{ﬁEﬁ nee °§‘_a“5~‘df5&1r@a‘fg%’§g @‘ﬁ %56%‘%}-’" 1@%@3@9 iafeiﬁg 24
cont ai Ni NG 3a8MBHRE §loWsl doBkigRiabIyl 41 Wrhpefateids bR thdreARIDT TRt € OhdaBattpREhaps
concentration profiles, as schematically illustrated in Figs. 6C and 6D.*1In
ot her enbodantempsrafires hegrsaasciP0 T(;\POA Coor evdnd ,H0WHE, thedadsaciks carbeaces of
t he segnent may, be, exposed .. ifferent atmspheres.. each of which may .
contain oneC%n%qcrﬁq)P)e(bD%WP?@?en%r gy +Y '—”ﬁfctlafyoé)rﬁ%w gg‘élg.peflﬁ&‘ exanpl e, the
back surface of t}RnTohiplQbnSETBRE,, teyviTer i ¥RR8§Eobled an Biep i, Hirdish the

at nosphere as the front surface is exposed to a non-njitriding_ atnosphere.
| n addi30i onrangaef tdmpenatusssrat #dich qrpsfaldatticn vacagelgs angrelal vely sequiledn thamor
exanple, referring nowto Figs. 8A through 8F, after the vacancy
concentration profile has been established throughout the silicon segnent,
one surface 10 may be shielded while the other is thermal annealed in an
oxygen at nosphere, as noted above. Shielding may be achieved, for exanple,
by sinul taneously anneal i ng
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hultiple segnents (e.g., 2, 3 or nore) while being stacked in face-to-face
arrangenent; when annealed in this manner, the faces which are in
face-to-face contact are mechanically shielded fromthe atnnsihere during
the annealing. 15 Alternatively, a simlar effect may be actd-3wédd 2003
(dependiW@ 0¥PF$A7 t he at nosphere enpl oyed during the rapid themosl/ apgeal i ng
step and the desired platinumconcentration profile of the segnent) by
form ng an oxide | ayer only upon the %de of the segnent at which platinum
in-diffusion is desired. Shielding one“of the surface of a silicon segnent,
prepared in accordance with the present invention, in this way may 20
ultimately yield a segnent which contains an asymmetric reconbination

center concentration profile, as the exanples in Fig. 8A through 8F
i | | ustrat e. SinBlesTepasiliGoRalAS the terpRerayyre offhe seement isdcaeased funpshethisof t he

resulting plabl ﬁg%p&myﬁ%i Bl et WL 8RN, B0 OB) LR as a result

of conducting® gen ahneal step to alter vacancy concentration
profile in adtikilated; thyy leading oo plchirigetimthevazbnali dohueriteationlprofile wich the not ed
that, in order for the desired recc%bi ngtgi&(}n cetgt er concentration profile
to be presefftertplichan erdigg tpaaihg lon tiEe tBe SEFRIRt Lh@ Al Nebd ssegnent |
t he pregent cEe% Wikih thi¥RhgR! | i r i Vi GBS st
fabri ca? i onteg{rp%cess vz‘lltﬂlg t%%?%@mﬁ?gﬁ%fa g@p&%{%%gﬁa etlt1§/lrs g%nfxﬁ%ﬁ%ge ‘?ggmt%g

obj ecti ves mihgt fier quriefein¢ p&iod afame, the veanbe camkneatéch whuldtdnee agaie, t he

pl ati numin-diffusion st at. th resen .9 AN 2003 WD 00l 08677 25
PCTNS99/ 1778%° o%%gtgnﬁ@fﬁwa?%@r%ﬁewf %F Hﬁﬁ‘ ﬁr’rﬁ%@ﬁ tﬁ? EPYCERBRIFUPTIRE the
rapi d ther mgdyigbrngalvaRRdyisul $eaBeRhtiA8Oles IR Rl RRSent2dionvd cidtal MAi&
specifically, it is preferred that thé steps of the present process be

perf or med i vaceeciaeimmadiatalyiupon eomplotion afitheihaatdreatmenigtap: Byt rapidly. However
if int 6veni n .tortgat ment§ are necessa‘_rgé asncﬁéinr_ih tof trhe dtelvli ﬁe 5 fabrication
orocesd? i t SGIng B SemeRT HPIYEvEr &ToRrummfor RIHPT GHEG BHISF 2 0FI8ds of
time and at ¢4 daraved abih 8 mbahins PRGintY 6atldetratidn BeinPaedrafehbnthpt any
intervening treatnment be perforned at a tenperature |ess than about 1000C

for a dur at plene fiahd the rcanty eanceptcationtdecrsasiag i theidireatiomphthe floabsusfashange

in the vacagc oncentrati jle, or reconbination center profile,

whi ch has p?@gﬁigﬁ%ﬁggﬁ ogrsﬁfeg{ﬁ%%hgd in the 10 silicon segnment as a

results of the prpgentalpthecessge tblingtratetwitlgn it edigaloft@hpdrrrdioaasst of

the present invention may be a polished silicon soeﬁgg)e%g, hSUCh as a silicon
g

waf er, 18r ashast AaG pasisgeonsd and prefsrrbiegilest abgut2h 30 appetseaad.et ched
but not pol j . itian, : t . )
ut- not po {) sl ﬂ(gagggﬂ'o up3f the%}@&g?% ggﬁ]ﬂ of Iot?fa\)’a%a?(c%p@orﬁegnrfﬁrtlag?ée%gg 15

interstitial point ects-as t nant rntrinsirc porn
For exanpl epedr fiee sSefioenhe pegrapecocdingmaty nyrprafatably be enteagnbeut SOFEpge, sel f

interstitial domnated fro nter to, ed O it may coptain a central

core of vac%?ﬁ@&’/d:cfé‘ﬂirﬁ%teé’degr]ﬁ’% F‘gFaséG]P?LHaﬁge%Hﬂjsﬁ"r?anW&FIWMé%ﬁ%qSMC ring
of self intgrstit.l i Aad h@le i fo i .11 be
seen t hat tﬁlg%%ﬁéfe@zﬁbgggdggtg%owﬁgbgng r??fégﬁﬂ%ggf’ gsgﬂ?gégeﬁe#égs%{r/a” ous

changeg0 cousandappiidtonsn Qine thdssgmend ipawidd tortemperapre oesgieshavangeuf
departing fromthe i

cont ai ned | WW@%E%&%@BM%&%&%Q&%&%&Q? !ﬁffeélf’éﬁi’ g?’%ﬁ@é{‘ Bgésli&l@!e aggt tng{ :
ina limtidgsPOfion, the cooling rate does not appear to significantly influence the vacancy
concentration profile of the segment and, thus, does not appear to be narrowly critical.
Conveniently, the cooling step may be carried out in the same atmosphere in which
25  the heating step is carried out.
In step S,, platinum atoms are diffused into crystal lattice vacancies. In
general, platinum is deposited on the surface of the silicon segment and diffused in a
horizontal surface by heating the segment for a specified period of time. The
diffusion time and temperature are preferably selected such that the Frank-Turnbull
30  mechanism dominates platinum diffusion. Furthermore, the diffusion time and



*2 9 JAN Zpp3 26 W claim 1. A single crystal silicon segnent having two
maj or, generally parallel surfaces, one of which 1S the fro&tegs L&ﬁ}e of

t he segnent and the other of which is the back surface of t Aé% , a
‘central DOMO3BE ween the front and back surfaces, a circFHEVERITAS edge
joining the front and back surfaces, a surface |ayer which conprises a
first region of the segnent below the f§ont surface and a di stance, D,, as
nmeasured fromthe front surface and toward the central plane, and a bul k

| ayer which conprises a second region of the segnent between the central

pl ane and the first region, the segnent being characterized mthat the

segnent has & nonsuni.fof ML b S dnP b fowFod 8el vabadd decBratibh 69 BRithRk On
centers, w t m?ﬁré'm% r%eeé#tg}rﬁeg%@%%ﬁ%&%nﬁ{eb ceont grs in thé bul I?ll ayg bei ng
great er thamtéhste prack pleady-state. m t he surface layer and with the centers

havi ng a concentration profile in which the geaF densi t.é of the 1cg)n ers is
at or near the ceherlicon ssameRfSthavingragiry EARTERFPAFRS RNED aTe YPIgalISL g g
fromthe posjtign: ' | fyBcailp ariples Hom dHoRNESGW fRee of
t he segnent ﬂé%%%&lﬁnﬁﬁg@%%ggﬁﬁﬁgﬁn %gg]génfeyrﬁal IS; decsr) easi ng(j) fromthe

posi ti onsof §59AK. deefirdbly,rhavweyerjithetetiporatusé ranges fankaboyt 6Htle apput Hr0°C.

t. 2. Th t of claim1 havi hi | - N7 t
300, o ons MG B RO R GrOTERr IR ghah CS0TS BpaRh G, HiAfgr
thickness r 3#{&% %féwﬁg&%oﬁngm Th@itgestt6 abhiR Utholizd) Oprafegatdyshowkver e

clal e

segnent of refn the distance D1 is at_| east about 10 mcrons. 5.
The segment tithe carsgesfibnwateoudil A minated tasahout 2 hoyrs; Mege prefareblys s fime mnges

m crons. 6. The se t .of cl ai in the distance D1 is at | east
about 100 m%?@@?gﬁgw%ﬁ\f%??ﬁﬁwﬁ%si ngle crystal silicon segnent
cont ai Nif§g M nor i pyereably, flerhelcdiiiionbf pltizentepafantdadene dmosptaror

general Iy parallel surfaces, one of which is the front surface of the
segnent and ¢drepritihg nittigen/ar 8 inest §a5e0TIRKRIES HFtseh AR OXKEFCIRARINS o

tral pl | ocat ed ' i g d back
curtaces’ tnamoRBRE T oL Rp By e itk the o bRt RER il bl B D DaC
bet ween t he %fe@éﬂt pRBGkshagkwevk] AGe® ba okedathatepenenalty tiin tentialadiffosionfstephe

reconbi nati oh centers being in a region i.gh |s betgeen the front surface
and the cent may bgipsnformediupdesapy aFB°%PH%r°\fI‘\‘Afi’b‘§’t’ sWsP i oW KWperafreS en r al

pl ane and a ninf mi [ i eRITALRRLIAD heRliBsSsdpeidd® i N a
regi on \r}ﬁi Chegxgiogg?m%o%%(fl?%g@?gﬁ{ﬁegﬁ re?g)?e&?nd the regi on of maiélg%m
concentr ati ophatrihe concentration of the reconbi nation centers increasing
tomthe mninum concentratiqn to the region.of .maxi pum concentratien and
decreasi ng from t KeisteB¢ Bﬂtegfh%%eﬁﬁmtgﬁﬁéﬂf?%W&Hg?%n?%%uﬁeerhﬁe?%(} ?°|5I he.

8. The segne | ' {4685 fo faRTEad wWift) 8t Al1owdcahéles ni crons
t o about 8008#@%;00“?1%@&%&%%?%5%&% of claim7 havi nl a thickness ranging
from about 8@fsentdnahessilicoradegutent 20 vaiycatdeast impart, Fe of therthigkaesh 7

wherein the maxi mum concentration of recomhi. i.0 t ' hi n about
S nicrort® frehihe o#d 1B & 8 ve}c%mess(%%{e p?isgﬁ{;hgggééﬁ%’r% of claim7
wherein the %gfﬂn' EEE{Q' RRE Mrhedrh@re Rhy beaashiined eapircany eFsr exampild, i n about
10 mcrons fromthe rgont sulféf ace ofythe segnment, 12. The segnent of claim

7 wherei n t heiliven isegmentonayehe dizidedAntofseyesd PREIMNS AR ALE AERSHINSLhGSTRE n

about 20 mcrons framt .ront _surf / : : Q8644 28 ~9
JAN 2~3 PC f WPF?‘?%OEI@?{IWI&% oeéasc ﬁ’(f:tgera 3 %até@gteraeaé [ ngngs lgg\%t?ée%cr yst al
silicon segnmgpj tgdqpér%}é@mnﬁtmsgoncent ration profile of mnority carrier

reconbi nati on centers in the segnent, the silicon se t havi.ng. .a.front
surface,25a back sBilicidationrofithasaraplesiepgs lbﬂe@éwyﬂe%ﬁnggﬁ?a“%ﬂﬂg‘gé on

surfaces, a surface layer .whi ch ri %@rﬁg{ sthween
the front su@%c@s‘gﬁwaéeﬁf)\é\ﬁgoﬁc%&%@ dﬁgegéug\g%h?@ g%ln e ??%%Ségg fa?feﬁand
toward the cepyt &fbidellayes, witoh nfaythavl ahay-eegligible infiompe os platinhm diffysion. of
the segnent between the central plane and surface |ayer,, t.he pracess

conpri si ng: hedditionadlyt sikigidatien g%@ﬁéﬁ@?}cﬁu%fweeﬁl%gﬂg%e%éﬁ%ﬁ a%rl n@?‘?’%‘ican

| atti ce vacancies in t SUr -Tqle) ; tmigirhizB¢hd he

cool i ng ratep?tmt“ﬁégﬁtgr%} onté#erg egr segﬁ%ﬁ%ﬁ?%é%%%a%dé&éygggmnt having a .
vacancy fpncegpkdniall megativeiihfudnte o thetsilididatior gkoagen the platimmadepasitiatar t he
central plané with the concentration generally decreasing in the direction
of the front surface of the segnent; and, thermally diffusing platinum
atonms into the silicon matrix of the cooled 15 segnent such that a platinum
concentration profile results which is substantially dependant upon the
vacancy concentration profile. 14. The process of claim 13 wherein said
heat-treatnment to formcrystal |attice vacancies conprises heating the
segnent to a tenperature in excess of about 1175 C in a non-oxidizing

~ - o o . o e M




Vacanci es conpri ses heating the segnent to a tenperature in excess of about
1200 C in a non-oxidizing atnosphere. 16. The process of ngaidmllz&avmgei n

sai d coolywp®okhad7¢ i s at |east about 50 C per second throug‘E,quréﬁgﬁ/er%erature
range at which crystal lattice vacancies are relatively nobi PATERP i con.

WO 001 08677 29 2 9 JAN ?pp3 PCT/US99/ 17726 17. The process of claim13
wherein said cooling rate is at |east dBout 100 C per second through the
tenperature range at which crystal lattice vacancies are relatively nobile
in silicon. 18. The process of claim 13 wherein platinumatons are
thermally diffused into the silicon matrix of the segnent by heating the

segment to apicauEsreferdtly résults fta Surfite ORehtrtiéh éf0eBL ofdthonolad, The
process of claim 13 wherein platinumatons are thernally diffused into the

si | i con mat r whegsin ¢ platieghEenolByenroresnogds toca sufhse atcarconpsnitabion of abatit Rut es

to about 2 hQur. h ' el | pl ati num
I n-di ffusi on&)'ti r9e %érg{méﬁf ?g gg%@%@%ﬁ’é?ﬁ%ﬁ%}%ﬁ? ds@\ba?%lb? é%ﬁl‘f% %l%gnigcond
heat - t r eat medepdsited bntat the sitieen segiiieny surfacexygiethatthe pysubiienshgfat eam t he

tenperature of sai d,seéond heat -t r eat nent .bei ng aj |east about equal to the
t enper at r e §PN4eREatoN does npt excerd aBOW LD’ BHOBYEMm 13 wherei n sai d

heat -t reat ment - 0 phfdtf BySsfon ik bERRKACABY BRI GANPL]SESLE Robifin 0! ()

subj ecting the segnent to I rst "heat-treathent at "a t'enperature of a

| east about TiH0arC provided suchgeethodsdoaiotresgltan tesizpesidon of & quantity efiper fi ci al
silicon 5 dioxide layer which is capable of serving as a sink for crystal
lattice vacaR3igem cgﬁg,the(%x)rfagag @Etsﬁﬁan F?@W&’M%& resplin the) creafion dfecond

heat - L eat e il RARIRES @b et Fbolif AdfcR MR SR Foldscbihedl TRAPNET ©

having an essential absence of oxygen to form cryst attice vacancies in
t he bul 119 of exdreplej sputtering eymgnn evawratigngechnapss fray beamed ta deposidraatisrisngl e

crystal silican se nt to jnfluence.the conc ratio rofile of mnority
carrier reco Pm%gﬁe{:%%b%s‘}r ct ﬂgthgéagfgfﬂ; %ﬁgxa&vpﬂc. a%’gbt%é‘rﬁlatw ng a
front surfacgoRfifh habdfika Slfiidf @ondeRatidroorabdlif f Bfeh/NAY fhiexanipld mbhe2003

WD 00/ 08677 PCTNS99/ 17726 30 only a native oxide | ayer present thereon, and

a central pl deposited anterthe wurfageditspinreating Rr synersingghe segmant dage dlse solution,
COMPESLIS", B B Bk AL S8 Sy RSB BBof o {1110
15 HCLH,0,:H,0 (1:1:6) at about 80°C for about 10 minutes.
After the in-diffusion heat treatment of step S, is complete, the depth profile,
or concentration profile, of the platinum in the silicon segment may be determined
using means common in the art, such as through the use of deep level transient
spectroscopy (DLTS) measurements. In one embodiment of the DLTS
20  measurements, silicon segments samples are cut into pieces of about 1 cm?, beveled
with angles of 1.17° and 2.86°, and polished. A layer of silicon about 15 microns in
thickness is then etched from a surface using a etch solution comprising a 2:1:1 ratio
of HF (hydrofluoric acid, 50% solution) to HNO, (nitric acid, fuming) to CH,CO,H
(acetic acid, glacial). Schottky contacts are deposited by evaporation of hafnium. For
25  ohmic contacts at the backside, gallium is used. The detection ranged of
substitutional platinum concentration C, depends on the dopant concentration D,, the
relationship between these may be expressed as Cyx 10* < C, < C,x 10",
Platinum diffusion techniques, as well as platinum detection methods, are
further described elsewhere. See, for example, articles by Jacob et al., J. Appl. Phys.,
30  vol. 82, p. 182 (1997); Zimmermann and Ryssel, "The Modeling of Platinum ‘



-controlling the cooling rate of the heat-treated segnent to produce a
vacancy concentration profile in the cool ed segnent in whi Pa ,ma)mgum
concentratl on i s 10 between the front surface and the centprcq.msg],/a_p,%and
*nearer tWA%L8¢/ont surface than the central pl ane, the vacancy
concentration generally increasing fromthe front surface to the region' of
maxi mum concentrati on and generally decreasing fromthe regi on of nmaxi mum
concentration to the central plane; and8 thermally diffusing platinum atomns
into the silicon matrix of the cooled I S segnent such that a platinum
concentration profile results which is substantially dependant upon the
vacancy concentration profile. .AL5. A AlU .AF
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concentration of vacancies which are present, which in turn is a function of the
heating step (S,) and secondarily a function of the cooling rate (S,). Likewise, the
5 depth t, t' from the front and back surfaces, respectively, of the regions 15 and 15'is
also a function of the vacancy concentration, which in turn is primarily a function of
the cooling rate through the temperature range at which crystal lattice vacancies are
relatively mobile in silicon. Accordingly, given that the depth t, t' increases with
decreasing cooling rates, the cooling rate may be controlled such that depths of at

10  least about 10, 20, 30, 40, 50, 70 or even 100 microns are attainable.

In a second embodiment of the present invention, a neutral (i.e., a non-
nitriding, non-oxidizing) atmosphere is used in the heating (rapid thermal annealing)
and cooling steps, in place of the nitriding atmosphere of the first embodiment.
Suitable neutral atmospheres include argon, helium, neon, carbon dioxide, and other

15 such non-oxidizing, non-nitriding elemental and compound gases, or mixtures of such
gases. The neutral atmosphere, like the nitriding atmosphere, may contain a relatively
small partial pressure of oxygen, i.e., a partial pressure less than 0.01 atm. (10,000
ppma), more preferably less than 0.005 atm. (5,000 ppma), more preferably less than
0.002 atm. (2,000 ppma), and most preferably less than 0.001 atm. (1,000 ppma).

20 In a third embodiment of the present invention, step S, (the thermal oxidation
step) is omitted and the starting silicon segment has no more than a native oxide layer.
Referring now to Fig. 6A, when such a segment is annealed under a neutral
atmosphere, as discussed in reference to the second embodiment above, generally
results similar to those of embodiments 1 and 2 are obtained. However, when such a

25 segment is annealed in a nitriding atmosphere, such as that of the first embodiment,
the effect differs from that which is observed when a segment having an oxide layer
which is greater in thickness than a native oxide layer (i.e., an "enhanced oxide layer")
is annealed in nitrogen atmosphere.

When the segment containing an enhanced oxide layer is annealed in a

30 nitrogen atmosphere (Fig. 6A), a substantially uniform increase in the vacancy
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appear to significantly increase as a function of annealing time at a given annealing

temperature. In contrast, as can be seen from Fig. 6B, if the segment has nothing

5  more than a native oxide layer on the surface and if the front and back surfaces of the
segment are annealed in nitrogen, the resulting segment will have a vacancy
concentration (number density) profile which is generally "U-shaped" for a cross-
section of the segment. As illustrated by Fig. 6B and Fig. 7 (curve A), this profile
may subsequently be modified as the segment cools down, taking on a generally "M-

10  shaped" form, due to vacancy transport in the near surface region to the surface itself,
which acts as a sink for these intrinsic point defects. More specifically, a maximum
vacancy concentration will occur at or within several microns or tens of microns from
the front and back surfaces and a relatively constant and lesser concentration will
occur throughout the bulk, with the minimum concentration in the bulk initially being

15  approximately equal to the concentration which is obtained in silicon segments having
an enhanced oxide layer, after having been treated in accordance with the present
process (denoted as curve B in Fig. 7). Furthermore, an increase in annealing time
will result in an increase in vacancy concentration in silicon segments lacking
anything more than a native oxide layer.

20 ~ Accordingly, referring again to Fig. 5, when a segment having only a native
oxide layer is annealed in accordance with the present process under a nitriding
atmosphere, the resulting peak concentration of minority carrier recombination
centers, after platinum diffusion, will initially be located generally within regions 15
and 15', while the bulk 17 of the silicon segment will contain a comparatively lower

25  concentration of recombination centers. Typically, these regions of peak
concentration will be located within several microns (i.e., about 5 or 10 microns), or
tens of microns (i.e., about 20 or 30 microns), up to about 40 to about 60 microns,
from the silicon segment surface.

Experimental evidence further suggests that this difference in behavior for

30 silicon segments having no more than a native oxide layer and those having an



10 10°°1S-10%& ()- ! 109%¢ () -1 109%6& ()- 109%6& ()- MLO%E ()- 91096 () -
VCOCD' EEEaBb@ 10 10°° ! 1 10%& () - mO%& ()- z 109%& ()-!y Fi#10965& ()- @
1096& () - 109%6& () - EG:FFFGGdEb@ 10 10" 19l . 1096& () - 2.9 JAN 2003
+@LOYB &) go/ck@9B& () - @ 10968& () - $109%6& () - L#" 1096& () - GREY/GEPHHahH HIE: /
105 1059109%& () -9, 8$1096& () - 61096& () -y93109G& ()- y1' 109m& ()-

y0@O0%& () -i H HHHHHHHUV7/ 10@L0%r& () - @ 10%r& () - Sf 10%r&' () - @ 10%r& () - f
10%m& ()-! S940%m& ()-S 105H% ol | JIKaB7/

10@ 10%1& () -!s"10%m& ()-yl0%m& ()- y& 10%m& () -

S10%r&' () - LY10%&' () - KgKKKKLLAE7/ 10@ 10%1& () - * 10%1u& () - ( 10%r&' () -
3UFL0%E ()-f! 1091 ()- S 10%& () - LIMMWKXNYNZNaVK@ 10 10m 10m

L7 At 2 O A ol S

109& () -!9! bRbdiZhg&aq in-th aASshéde: Sewed uidyiRiRSeyy W@ 6ilicod 89gkndnts havifP®’ () -
: 10%&' () - LS109%&' ( y" 1098 ()- .3 10%&' () - Sf STUUJ UVAEVK@ 10. F109&' () -
& F109%& () - RoGuEeharra natys@xide layen arpegnealedyn o nijogeen AQQepRPTRNAIKT S4

10#10%2& () p?’é]fgr{gdg‘thga) the jag'nosphere additionally containing a small partial pressure of
5  oxygen. Such atmospheric conditions result in segments having only a native oxide
layer behaving the same as segments which have an enhanced oxide layer. Without
being bound to any particular theory, it appears that superficial oxide layers which are
greater in thickness than a native oxide layer serve as a shield which inhibits
nitridization of the silicon. Nitridization is believed to result in the formation of
10 vacancies in, or the injection of vacancies into, the silicon matrix. As a result, as may
be seen by comparing Figs. 6A and 6B, the peak concentration of vacancies (and thus
recombination centers also) is actually greater than the peak that might otherwise be
observed, if vacancies where not injected.
The oxide layer may therefore be present on the starting silicon segment or
15 formed in situ, by growing an enhanced oxide layer during the annealing step. If the
latter approach is taken, the atmosphere during the rapid thermal annealing step
preferably contains a partial pressure of at least about 0.0001 atm. (100 ppma), and
more preferably a partial pressure of at least about 0.0002 atm. (200 ppma). Referring
again to Fig. 6A, in this way results similar to those of the first and second
20 embodiments of the present invention may be obtained. However, for the reasons
previously discussed, the partial pressure of oxygen preferably does not exceed
0.01 atm. (10,000 ppma), with partial pressures of less than 0.005 atm. (5,000 ppma),
0.002 atm. (2,000 ppma), and even 0.001 atm. (1,000 ppma) being more preferred.
However, it is to be noted that as an alternative to utilizing an atmosphere
25  having a partial pressure of oxygen, the silicon segment may simply be annealed
under an oxygen atmosphere after annealing under a nitrogen atmosphere or a neutral
atmosphere, as described in the above embodiments, is complete. The oxygen
annealing step may be performed after the segment has been allowed to cool or,
alternatively, may be performed at temperature (i.e., while the segment is still hot
30  after the initial thermal anneal step has been completed). Furthermore, this oxygen
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Without being held to any particular theory, it is believed that oxygen
5  annealing results in the oxidation of the silicon surface and, as a result, acts to create
an inward flux of silicon self-interstitials. This inward flux of self-interstitials has the
effect of gradually altering the vacancy concentration profile by causing
recombinations to occur, beginning at the surface and then moving inward. A region
of low vacancy concentration may therefore be created having a depth which may be
10  optimized for the particular end use of the device which is to be fabricated from the
silicon segment. Referring now to Figs. 6C and 6D, it may be seen that, depending
upon the conditions which were utilized prior to the oxygen anneal step, a number of
different platinum concentration profiles may ultimately be obtained (where curves A
through E, respectively, schematically represent different profiles obtained under
15  different oxygen anneal conditions of the present invention). More specifically,
curves A through E of Figs. 6C and 6D illustrate the resulting platinum concentration
profiles which may be obtained as a result of conducting the oxygen anneal step to
alter the vacancy concentration profile, prior to platinum in-diffusion.
Referring to Fig. 6D, for a silicon segment having a peak concentration of
20  vacancies near the front and back surfaces, it is to be noted that after platinum in-
diffusion a segment may be obtained in which the distribution of recombination
centers is non-uniform. More specifically, this segment contains a non-uniform
distribution of recombination centers wherein the maximum concentration is in a
region which is between the front surface and the central plane and nearer to the front
25 surface than the central plane, with the concentration of the nucleation centers
increasing from the front surface to the region of maximum concentration and
decreasing from the region of maximum concentration to the central plane.
For silicon segments having the peak concentration of vacancies within the
bulk 17 of the silicon segment, the depth t and t' of regions 15 and 15', respectively,
30  may be selectively increased by controlling the rate at which oxidation of the surfaces
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atmosphere increases, with the rate being greatest when pyrogenic steam is employed.

-
-

5 It is to be noted that the precise conditions for the oxidative treatment may be
empirically determined by adjusting the temperature, duration and atmospheric
composition in order to optimize the depth t and/or t'. However, if something other
than pure oxygen or pyrogenic steam is employed in the present process, preferably
the partial pressure of oxygen in the atmosphere will be at least about 0.0001 (100

10  ppma), and more preferably at least about 0.0002 (200 ppma). In this regard it is to be
noted that the limitations placed upon the oxygen content, or partial pressure, for the
thermal anneal step S, are not applicable for this optional step of the process.
Furthermore, if the peak concentration of vacancies, and thus minority carrier
recombination centers, for region 17 (or regions 15 and 15') is to be substantially

15  retained, the temperature of this oxidative treatment is preferably in excess of about
1150°C. More preferably, the temperature is at least about equal to the temperature
employed during the thermal treatment of step S,. Without being held to any
particular theory, it is believe that if the temperature is less than that employed during
the thermal treatment, the peak concentration of recombination centers in region 17

20  may actually decrease because of the direct recombination of vacancies and self-
interstitials.

This separate oxidative treatment approach is an acceptable alternative to
controlling the vacancy concentration profile, and accordingly the platinum
concentration profile, by means of adjusting the rate of cooling, as described in detail

25  above. It may be preferred in some situations because of the additional flexibility it
provides. In addition, this approach is preferred when the depth of t or t' is in excess
of tens of microns, or several tens of microns. Furthermore, subsequent oxidative
treatment of the silicon segment, prepare by any of the above-described embodiments

of the present invention, provides the means by which to prepare a silicon segment
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profiles, as schematically xllustrated in Figs. 6C and 6D.

In other embodiments of the present invention, the front and back surfaces of
the segment may be exposed to different atmospheres, each of which may contain one

5  ormore nitriding or non-nitriding gases. For example, the back surface of the silicon
segment may be exposed to a nitriding atmosphere as the front surface is exposed to a
non-nitriding atmosphere. In addition, one of the surfaces may be shielded during
treatment. For example, referring now to Figs. 8A through 8F, after the vacancy
concentration profile has been established throughout the silicon segment, one surface

10  may be shielded while the other is thermal annealed in an oxygen atmosphere, as
noted above. Shielding may be achieved, for example, by simultaneously annealing
multiple segments (e.g., 2, 3 or more) while being stacked in face-to-face
arrangement; when annealed in this manner, the faces which are in face-to-face
contact are mechanically shielded from the atmosphere during the annealing,

15  Altemnatively, a similar effect may be achieved (depending upon the atmosphere
employed during the rapid thermal annealing step and the desired platinum
concentration profile of the segment) by forming an oxide layer only upon the side of
the segment at which platinum in-diffusion is desired. Shielding one of the surface of
a silicon segment, prepared in accordance with the present invention, in this way may

20  ultimately yield a segment which contains an asymmetric recombination center
concentration profile, as the examples in Fig. 8A through 8F illustrate. More
specifically, Figs. 8A and 8F illustrate examples of the resulting platinum
concentration profiles which may be obtained as a result of conducting the oxygen
anneal step to alter the vacancy concentration profile in this way, prior to platinum in-

25  diffusion.

It is to be noted that, in order for the desired recombination center
concentration pr-oﬁle to be present in the device ultimately fabricated from the silicon
segment, the present process will typically be incorporated into the device fabrication
process at a point which is appropriately suitable for the objectives of the present

30 invention to be achieved. Furthermore, the platinum in-diffusion step of the present
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treatments. Howeyver, if intervening treatments are necessary as part of the device
5 fabrication process, it is preferred that such treatments be for only short periods of
time and at low temperatures. More specifically, it is preferred that any intervening
treatment be performed at a temperature less than about 1000°C for a duration which
is not sufficient to result in an appreciable change in the vacancy concentration
profile, or recombination center profile, which has previously been established in the
10  silicon segment as a results of the present process.

The starting material for the process of the present invention may be a
polished silicon segment, such as a silicon wafer, or alternatively, a silicon segment
which has been lapped and etched but not polished. In addition, the segment may
have vacancy or self-interstitial point defects as the predominant intrinsic point defect.

15 For example, the segment 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.

In view of the above, it will be seen that the several objects of the invention

20  are achieved.

As various changes could be made in the above compositions and processes
without departing from the scope of the invention, it is intended that all matter
contained in the above description be interpreted as illustrative and not in a limiting

sense.
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1. A single crystal silicon segment having two major, generally parallel surfaces, one of

which 1s the tront surface of the segment and the other of which 1s the back surface of the

segment, a central plane between the front and back surfaces, a circumferential edge joining the

front and back surfaces, a surface layer which comprises a first region of the segment below the

front surface and a distance, D,, as measured from the front surface and toward the central

plane, and a bulk layer which comprises a second region of the segment between the central

plane and the first region, the segment being characterized 1n that

the segment has a non-uniform distribution of nunority carrier recombination centers,

with the concentration of the centers in the bulk layer being greater than the concentration in the

surface layer and with the centers having a concentration profile in which the peak density of

the centers 1s at or near the central plane with the concentration generally decreasing from the

position of peak density in the direction of the front surface of the segment and with the

concentration generally decreasing from the position of peak density 1n the direction of the back

surface of the segment.

2. The segment of claim 1 having a thickness ranging from about 500 microns to

about 800 microns.

3. The segment of claim 1 having a thickness ranging from about 800 microns to

about 1200 microns.

4. The segment of claim 1 wherein the distance D, is at least about 10 microns.

5. The segment of claim 1 wherein the distance D, is at least about 50 microns.

6. The segment of claim 1 wherein the distance D, is at least about 100 microns.
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7. A single crystal silicon segment containing minority carrier recombination centers
and having two major, generally parallel surfaces, one of which is the front surface of the
segment and the other of which is the back surface of the segment, a central plane located
approximately equidistant between the front and back surfaces, the recombination centers
having a non-uniform distribution between the front and back surfaces with a maximum
concentration of the recombination centers being in a region which is between the front
surface and the central plane and nearer to the front surface than the central plane and a
minimum concentration of the recombination centers being in a region which is between the
front surface and the region of maximum concentration, the concentration of the

recombination centers increasing from the minimum concentration to the region of maximum

concentration and decreasing from the region of maximum concentration to the central plane.

8. The segment of claim 7 having a thickness ranging from about 500 microns to

about 800 microns.

9. The segment of claim 7 having a thickness ranging from about 800 microns to

about 1200 microns.

10. The segment of claim 7 wherein the maximum concentration of recombination

centers is within about 5 microns from the front surface of the segment.

11. The segment of claim 7 wherein the maximum concentration of recombination

centers is within about 10 microns from the front surface of the segment.

12. The segment of claim 7 wherein the maximum concentration of recombination

centers is within about 20 microns from the front surface of the segment.
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13. A process for heat-treating a single crystal silicon segment to influence
the concentration profile of minority carrier recombination centers in the segment, the
silicon segment having a front surface, a back surface, a central plane between the
front and back surfaces, a surface layer which comprises the region of the segment
between the front surface and a distance, D, measured from the front surface and
toward the central plane, and a bulk layer which comprises the region of the segment
between the central plane and surface layer, the process comprising:

heat-treating the segment in an atmosphere to form crystal lattice vacancies in
the surface and bulk layers;

controlling the cooling rate of the heat-treated segment to produce a segment
having a vacancy concentration profile in which the peak density is at or near the
central plane with the concentration generally decreasing in the direction of the front
surface of the segment; and,

thermally diffusing platinum atoms into the silicon matrix of the cooled
segment such that a platinum concentration profile results which is substantially

dependant upon the vacancy concentration profile.

14. The process of claim 13 wherein said heat-treatment to form crystal lattice
vacancies comprises heating the segment to a temperature in excess of about 1175 °C

in a non-oxidizing atmosphere.

15. The process of claim 13 wherein said heat-treatment to form crystal lattice
vacancies comprises heating the segment to a temperature in excess of about 1200 °C

in a non-oxidizing atmosphere.

16. The process of claim 13 wherein said cooling rate is at least about 50 °C
per second through the temperature range at which crystal lattice vacancies are

relatively mobile in silicon.

10
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17. The process of claim 13 wherein said cooling rate is at least about 100 °C
per second through the temperature range at which crystal lattice vacancies are

relatively mobile in silicon.

18. The process of claim 13 wherein platinum atoms are thermally diffused
into the silicon matrix of the segment by heating the segment to a temperature ranging
from about 670 to about 750 °C.

19. The process of claim 13 wherein platinum atoms are thermally diffused
into the silicon matrix of the segment by heating the segment form about 10 minutes

to about 2 hours.

20. The process of claim 13 wherein prior to platinum in-diffusion the heat-
treated or cooled segment is subjected to a second heat-treatment in an atmosphere of
pure oxygen or pyrogenic steam, the temperature of said second heat-treatment being

at least about equal to the temperature of the first.

21. The process of claim 13 wherein said heat-treatment to form crystal lattice
vacancies comprises the steps of:
(a) subjecting the segment to a first heat-treatment at a temperature of at least
about 700 °C in an oxygen containing atmosphere to form a superficial silicon
5 dioxide layer which is capable of serving as a sink for crystal lattice vacancies; and,
(b) subjecting the product of step (a) to a second heat-treatinent at a
temperature of at least about 1150 °C in an atmosphere having an essential absence of

oxygen to form crystal lattice vacancies in the bulk of the silicon segment.

22. A process for heat-treating a single crystal silicon segment to influence
the concentration profile of minority carrier recombination centers in the segment, the

silicon segment having a front surface and a back surface, the front surface having
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heat-treating the front surface of the segment in a nitriding atmosphere to form
crystal lattice vacancies in the segment;
controlling the cooling rate of the heat-treated segment to produce a vacancy
concentration profile in the cooled segment in which 2 maximum concentration is
10  between the front surface and the central plane and nearer to the front surface than the
central plane, the vacancy concentration generally increasing from the front surface to
the region of maximum concentration and generally decreasing from the region of
maximum concentration to the central plane; and,
thermally diffusing platinum atoms into the silicon matrix of the cooled
15  segment such that a platinum concentration profile results which is substantially

dependant upon the vacancy concentration profile.



