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Abs tract

After a 1 0 day anneal aÈ T-l 380 oC of p-type glllcon ln an anpoule
of natural quarÈz a new lsotroplc elecËron paramagnettc resonance at
g i 1 .99806 t 0.00004 lras observed. An ÍdenË1f lcatlon of the def ect
es tltanlum nas obtained from the hyperflne structure and verlfled by
lntentlonally doplng s1lÍcon wlth lsoÈoplcally enrlched TÍ. Strees
measurementg lndlcaËe an effectlve epln S-312 of the center, sËrongly
euggeetlng an lntersÈltlal T6-posltlon of Tt 1n lts poeitÍve charge
staÈe on the basls of the Ludwlg and l{oodbury model,

Introduction

TrensÍtion netal Lnpurltl.es ln elllcon have receLved a great deal of
attentlon eloce the ploneerÍog w,ork of hdwlg and liloodbury (1 ). To date a
nurnber of 40 EPR-epectra háve been related to the preaence of oetale of the
flrst transl.tLon serles ln eLlí.con, aoue 20 of whlch are asaoclated rvlth lso-
lated lone oo eubetÍ.tuÈl.onal or lnter8tltlal slÈee 1n the sÍlÍcon lattlce ln
a nunber of charge sÈate8. Spectra of 6 out of the l0 3d-trangltlon @tal
apecl.es have been obeerved, vÍ2. V, Cr, },frr, Fe, N1 and Zn. To our knowledge
there has never been an EPR-observaÈlon of Sc, Tí., Co or Cu Ín ellí.con, Leo-
lated, clustered or assoclated nLth another lnpurlty, though (ntth the excep-
tlon of Sc) obeervations of thesê elerents ln slllcon by other technÍquee,
lÍke DLTS or lunl.negcence, have been oade. Thls paper reports oêasureuenta
on a new EPR-spectru[, whÍch we agcrl.be to Ëltanlun; therefore, we wlll
reproduce aone data, relevant to tltanlun, fron Ileberte revÍen paper (2).

Titanft.ro Íntroduces 2 donor levels Ín the gap, near Eo*O.25 eV and
Ec-0.28 eV ; addltlonally an acceptor 1evel at Ec-0.08 eV hae been found. In
epite of the low diffuslon coefflcÍent of TÍ (four to flve orders of uagnÍ.-
tude eualler than the other trensltlon !êtals) líeber aeerroes lnterstÍ.tlal
solutlon of ri and ldentlfles rhese level8 *rtn 

'la2l1a3, 
3a3l3a4 and 3d4l3d5,

respectlvely, on the basle of the lÀdnlg and l{oodbury uodel. À nícroecoplc
observatlon of T1, a8 poeelble wtth EPR could eubetantÍaÈe or dlsquallfy thÍs
ldentlflcatlon and poeslbly ehed eone lÍght on thê dlffuslon uechanieu of TÍ.

Itr the next sectl.on we wÍll gl.ve an outlÍne of Èhe experiuental pro-
cedure, followed by a presentatlon of our regulte. Íhe laet sectlon conÈel.na
a dÍgcuegl.on on the lnterpretetloo of thege observaÈlona.
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Experfuêntal Procêdure

Float-zoned p-typê sllí.con saoples (2ot*2x2 -3), contel.nlng boron
(reeletlvÍty 0.9 gcu; 2v1gl6 37.a3), aiunlnlun (0.8 gen; ixlOl6 A1/cu3). sat-
ltru (l.5 Ocn; I.5xlO l6 calcn3) or tndiuo (10 Ocu; 0.l2xl0l6 In/co3) r,ere
ennealed for l0 daye at l380oC under argon atnoaphere Ía a cloeed quarÈz
aopoule. Saoples rere alloweil to cool frou l380oC to 3st below red heat at
the entrence of the oven, follored hy a quench Èo room te[pereture ÍD water.
In the follorlng tle wl1l dÍstÍngulsh 4 types of treatoenÈ :
a. anneal Ln an ampoule of natural quartz (tÍtaoíun content 63 ppr)
b. anneal Ln an apoule of synÈhetl.c quartz (tltanlur content ( 0.1 pp)
c. as b, rrÍth TÍO2-powder rubbed onto the sgEplee
d. aa c, wlth Tl.O2-powderr enrlched ln the 4/Tl Ísotope to 68.510.2 t

Sanple reslstÍvlty t'aa EonÍtored by conventÍonal four-polnt-probe technlque.
EPR{eeaureoents $efe perforned nlth 8 superheterodyne spectrooeter operatÍng
at 23 cHz. Ihe oagaetlc fleld could be rotated Ín the (0Tl)-plane of the sÍl-
lcon emplee. We uged phase sên8Ítl.ve detectLon at 83 Hz nagnetlc fleld nodu-
latÍon. Uní.axlal Btreas could be applled ln sltu along the [0Tl]-dÍrectÍon.
I.íoat oêeaurenenta rere perforned ar 4.2K. Ítre g-value of tltanÍutr could be
obtalnêd to an accuracy of 10.00004 by couparlson to Èhe fvelue of phoe-
phorua g:1.9985 (postulated to be 1.99850 exactly), hyperfÍne splÍttÍng
A-ll7.53UIlz (3), whlch waa preaent ln trloute amounta Ín our eaoplee.

Experimental results

All aaoplee ahowed a oarked Lncreaae of lhe reslatÍvlty after anneal;
reslstlvl.ty of sanplee b lncreased hy 502, whlle eanples c had converted to
n-type. VarÍátton of resl.stlvlty, Geaured on thê four facee of the sauplee
a could be as large ae a factor l0 (Ín sorle caaes convereÍon to n-type
occurred) and nay be lndlcatlve for the preaence of a elotr dlffueÍng donor.

In EPR re observed Ín all sauplee an Leotropí.c apectrun ni.th fvalue
gr1.9980ót0.00004, which wae labelled Si-NL29. ïhe lntensl.ry of rhe apecÈrun
subeÈantially Í.ncreased by lrredlatlon of Èhe eaoplee wÍth lnfra-red ltght of
wavelenghtB shorter than l.65pn. In the eanplee, prepared accordLng to
treatoents a, b and c, trro aerÍea of 6 and I weaker equally spaced llnes,
8yuêtrlcal1y loceted around the centrel lÍne, *ere found (flg. lA,lB). Due
to the lntenslty of the central llne Èhe tlro Lnner tesonancea of both eerleg
arê not obeerved, nhlle the hlgh fteld reaonance coÍneLdes wlth a phosphorue
resonance. EyperfÍne spllttlng Ís lsotroplc and equal for both seta:
lll-t5.OOt0.03DlIIz Prod0 the lsotropy lt ls concluded rhat the element
reeponelble for these resonancea í.s at a hlgh-syiloetry Blte! undlstorted 8ub-
stltutí.onal or ÍnÈerstl.tlal. Ítre hyperflne structure reveale the preeence of
tso Ísotopes of nuclear agIrl. 512 and 712, wlth neturel abundancee about 8 and
62, respectlvely. Ttreae leoÈopes uret have nearly equal nuclear g-valuee gtr1r

eince the llneepaclng of both sêts ls equal. $e only elegrent neetlng theËe
requl.rencnte Ls tltanluo, havtng 5 Ísotopee:. ^4oTÍ, 

{óTí., )uTl (nuclear epln
rr0), 4/Tl (I-5121 7.281. gf-0.3153) and 4eTÍ (T-7 121 5.51 z, $f-0.31 54)
(4). thls ldentÍfÍcatíon Ís further eubetantl.ated by the followlng resulta:
l. Sanplee annealed under condití.oos c shorred a ten tl.uea stronger EPR etg-

nal then aanplee annealed under condLtÍona a. Sanplea treated accordÍng to
procedure b ehoned ten tí.nes lega resonance lntenslry than eauplee a. Íhe
LntensLty of the EPR-Blgnal le thug eeen to be correlated to thê snounÈ of Ti
present durlng anneal.
2. Sauplea d yÍe1d a oarked lncrease tn the 47tt-resonance, ae expected when

Tl ls the elenent reeponelble for NI29. Fror tlle gí.ven enrí.chnent ln 4/TÍ
(68.510.2 l) the calculated Íntenslty raÈÍo of a 4/Tl.-regonance over the cen-
trel 1lne ts 0.39t0.01; experl.uentally ne flnd thta ratlo to be 0.3910.02
(fr.g. lC). !íe conclude that NL29 hae to be ldentlfled nlrh a sÍÍrgle Tl-etoE
at e sÍ.te of tetrahedral syonetry.
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Figure I - Ítre EPR-specËrum of Tt
A) Ín In-doped sll1con (10 Qcm),
treatment a, measured at a
microwave frequency 22.992 GHz.
B) as A; galn x I 0. C) Ín In-
doped slllcon, treetmenË d, meas-
ured aË a mlcrowave frequency
22.808 @lz .

!20 622 EA+glhll
In order to detendne the effectlve spÍn of the center ne applled unLax-

Lal stress along a loTl]-dlrecÈton of a Sl:B-aauple treated according to e.
I{e observed a fí.ne atructure apllttlng í.nto thrêe coopooeots, lndlcatlng
effectl.ve spln S-3/2. A systenatLc study ría8 not (yet) perforoed, but soEê
prellninary results can be gÍven here. The U"--372 +-1 12 end l.ÍB-l 12+312
reaonancea are congÍderably broadened by randoo crystel atreina, poastbly
Índuced by Íron clu8tera that ere lnevÍtably preaent after Buch a long htgh
tempêrature treatoenE aod relatÍvely elow coollng, whereaE thê I'ís--l 12+112
ls not. Ttris ls in accord nlth Berke's (5) fornula for the energy AE of the
!ís r+ I{s-l transÍtlon:

ÀE - spBB + (2u8-l )K - hv (l )

ln which K ls a functlon of oagnltude and dlrectÍ.on of streaa P on the cry-
stal. B Ls the Dagnetlc fleld, pg lB the Bohr Degnetoa and v Ís the olcrowave
frequêncy. WÍthout stress the poeltlon of the llnee nould be glven by :

^B-:3t 
Í-(. + (3/ZCrr-Ca '

wÍth B Í.n the (0Tl )-plane, naking an angle 0 wlth fl 00 J . Ct t
two lndependent spin-lattlce coef f Ící.ents 1n cublc B5rmmetry.

B =h'o gpg

Applytng uní.axial eÈresa along tOTl ] Íntroduces atresa componento
x]'ry'xr"--P12 atd \12'YlZ, ytelding a flne atructure sPltttlog AB'B-Bo3

(3)

and C+q are Èhe

ExperÍEentally there $ere ao&e Lndicatlons of anLsotropy of the hlgh-
and low-fÍeld atreaa epllttlng, but thege were hardly reeolved (anl.so-
tropy ( 0.3 uT). In order to obtaln an estlmate for thê apln-lattí.ce coeffÍ-
cLents rve wí.11 aeeune C44-312C1t. Froo thê elopes of the 8traÍght 1lnee AB
versus P, ehown Ín flgure 2, and the varl.atlon of AB wlth 0 ne obtaln :

lcrrl - 1.8 t 0.3 x lo-34 J/Pa

(2>

(4)

and Cqql\t r 1.5 t O.2
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Flgure 2 - Stress-dependence of the parasagneÈlc resonance SÍ-NL29 of
the tlÈanlun center ln Sl:B.

Since the hlgh-fteld stress-spllt reaonancê Ís lower ln Íntenslty than
the low-field conpooent se coaclude Èhls to be the Va-llZê3/2 transltlon'
oakÍng C11 and C44 negatlve.. Future oêaaureDents wlËh the streae along [t00]
or nlll wtll allorr a oore eccuraEe deter:nlnaÈLon of C11 and G44. For non,
we conclude that the effectlve apln le 312, e rêsqlt that te also conflrned
1n Electron ltuclear Dorble Reaonance (ENDOi) o,r 47Tl and 29St nucleí. (to be
publlahed).

Discuseion

Neutral tltení.ln aa a free eÈoE hes a groundetate cooflguraÈlos 3d24e2.
Iíhen entêred Ínto the alllcon latÈlce BubstlÈutlonally, two 3d electrone and
one 4e electron wtll be Èraneferred to lhe 4p-orbltale and' together nith the
other 4s electron, foro four 

"p3-hybttdt"ed 
bonds elth the four allí.con

nelghbore, accordlng to the Ludwlg and líoodbury nodel. Íhe four asaocieted
electron aplna wÍll palr off elth those of Èhe ell1con neíghbore, leavlng a
net spLn zero on the Tl. In order to conply wÍth the obeerved S-3/2 three
elecÈroog would have to be releaeed or trapped. Releaalng three electrotra
would l-nvolve the breaklng and reconatructloo of three bonde, very probably
leadtng to lower than tetrahedral synnetry, at variance wlÈh the e:(perlnental
observatÍon. Trapplng of three e1êctrona would lead Èo the pteeence of
ecceptor levels ln the forbldden gap and a lonerí.ng of the reslstlvlty ln F
type DaÈerí.el. Frou DLTS and our ortn resí.stlvlty ueeaurêuênta we know thls
not to bê the case.

Ilhen entered Ínterstitlelly ln the leÈtlce the ttto 4e electrong wlll be
transferred to the 3d-she11 and accordlng to llund'8 rule thÍs wlll gÍve rlse
to a epln 2. In order to be coneletent wlth our EPR and reeÍetlvLty [eesure-
[ênts, one electron le to be released, leadlng to S-312, an lncreaee of the
re8lstÍvlty ln p-type oaterlel8 and the LntroducÈÍon of a donor level ln the
gep; no synrletry lowerlng 1e to be expected. Ttrls ls Ín egreeoent wlth all
aval.lable data and rre are 1ed to the concluelon that Ti occuples en lnterstl-
tial sÍte of 43o synmetry í.n the glllcon lettí.cê, obgerved 1n EPR
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Figure 3 Ttre Tl-tntersÈltlat, (black
sphere) , surrounded by S1-aÈoms.

1n Íte eÍngly poeitlve charge
state r conflrning Weber t e
assígnnent of the elecÈrlcal
levele. This nodel le 111us-
trated by flgure 3.

In the Ludwlg & I{oodbury
nodel the tenfold degenerate
3d-orbltal w111 be spllt by
the crysÈaL fÍeld ln a slx-
fold degenerate t2 and a
fourfold degenerate e etaÈe,
wlth the t2 staÈe lowest for
lntersttttal 3d-transí.tlon
metals. ThÍs spLittlng 1g
glven by I ODq, with Dq Èhe
crystal fleld epllttlng
paraoeter.^ The Ëhree electrons
of the 3dr-configuraÈ1on f111
the slx t2 levels accordlng
to llund t s rule, forming e *A2
groundstaÈe, with pure spÍn
S-3 12 and orbltal momenÈum

L-0. For thÍs
expected. From
tLon

non-degeneraÈe groundstaÈe no Jahn-Te1ler lnstablltty 1s
the observed g:ehÍ f t Àg r (g-2. 0023 ) r -0 . 0042 and the rela-

. gktro
a8 = -mtí (s)

valtd for a syatem wl.th a 4A2-orbltal groundstate, lre can obÈaln the value k,
nhlch Ía a oeasure for the localí.zatlon of the êlecÈron on the defect í.n
lÍgand field theory (k-l for conplete 1ocallzatlon, k-0 for conplete delocal-
Ízation) Íf the value of Dq nere known froo optical data (À^ le the free lon
BpÍn-orblt couplÍng paraueter). No optlcal data exÍet for tl (or any other
lnterstltÍal or substltutlonal transltlon oetal) ln slllcon and we wlll have
to cootent oureelveg wÍth an estl.oate for Dq. Frou lhe value of crystal fleld
paraneters of substltutlonal Co2*, whÍch aiso hae an orbltel slnglet ae Íte
groundstaÈe la II-VI conpouods- llke ZnSe (DS-350 

"r-l 1, znS (385 cu-l ) and
III-V conpoundg GaÀs (425 cn-t), caP (475 cn-l), combl.ned nlth the observed
Lncrease of Dq wÍth lncreasí.ng covalency (!,7), ue esÈloate Dq for lopurlties
Ín Sl to be of the order 500 - 600 cu-|. In our caae thls would lead to
valueg for À-klrs=Jcr-lr." conpared to ?r,o-30cn-l for the free lon (8).
Such large. reductÍone of Ào have also been Ínvoked ln the explanatí.on of
Cro and lto+ Epn Bpectra (l ) -and aeêa Èo be characterlstlc for lnter8tlÈial
Lupurltles ln elllcon.

SLnllarly, e reductÍon ln the spln densLty on the TÍ-nucleus ls derlved
frotr the e:cperLoental velue for thê Ferul contacÈ lnteractÍoo :

I -tuoaurs"rrolv(ol 12 (6)

ln whlch g11 ls the nuclear g-value, py the nuclear oegoeton and lV(O)12 ttt.
unpaLred BpÍn denelty on the nucleus. MoptÍng the lldnlg and Woodbury
uodel, thl.s lnterectLon arlaes froo core-polarlzaÈlon only . !Íê coupute
lvlOliZ = o.42À-3 to be coupared co rhe free í.on value 5.101-3 1l;. Ttre
reductl.on ln A ls aeen to be of the satre Eagnltude as Èhe reductl.on 1o )16.
These reductÍone of )ro and A (by 90 Z) are comparable wlth Èho8e of ÍnteretÍ-
ttal Vz? 1n glllcon (l), whlch Íe aleo a 3dJ-systen, where Èhey suount to
eoue 852 (aesunlng Dq-500 co-l ln both casee). ReductÍone ln A have also
been reported for lnterstltlal lron ln sllÍcon (10), but lrí.thout quantl.têtÍve
explanatLon offered. qualltaÈlvely, reductÍone of A and lo ere aacrÍbed to
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overlap and hybrldlzatlon of 3d-orbltals wlth llgand orbÍtala, knowo to be
nore aevere 1n í.ncreagLngly covalent eol1de. Theae effecte are eertaLnly
expected to play a aÍgnlflcant role ln the caEe of Tl ln Sl aod to deternLne
to a large extent the values of ?r and A, slnce eÍllcon í.s a etrongly covalent
solld. Although both )ro end A are etrongly reduced frou thelr free ion
values, we can noÈ conclude, however, theÈ ÍDoBt of the spln deneÍty hae been
trangferred to t!re_^ llgande, eince thls nould lnduce elzable hyperfine
Lnterectlons 1196' 2951-J16Íghbors, that ere ebsent ln EPR. ttrat cóvalency
effecta alone can be held reeponsible for Èhege large reductlons thug aeeos
to be unlÍkely, but can not conclueí.vely be decided egaí.nst froE the preaent
deta ooly. They ehould be eupplenented by data for D{, es cao be obtaí.ned
froo optlcal Deasureoents (ebeorptlon, luulnescence), and ENDOR measureoenta,
that oap the wavefunctlon dl.rectly. A further dlecueelon of these í.sauea,
that wê feel to be very ,.Dportant to the underetandLng of í.nteretltlal tran-
sití.oE oetal Íons Ín sillcon, sll1 therefore be deferred tlIl eubeequent pub-
llcatÍon of our ENDOR results.
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