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The donÍnant therual donor centre forued by prolonged anneallng of
oxygen-rLch elllcon gLvee riae Èo the S1-NL10 EPR bpectruu. Ítle centre
has been lnvêstí.gated by electron luclear double redoaance oa aaoples that
hed been enrlched to 462 tn the r/o uagnetí.c laotopê. l,baaureoenta of the
nuclear g-value on geveral of the double resonance lLnea unanblguouely
revealed hyperfine loteractÍons ldth thls o:(ygen lsotope. Ttrle provldea
for thê flrst tlne conclusive evl.dence for the Lncorporatí.on of o:<ygeo ln
a thernal donor.

I.. INTRODUCTION

Heet-treatEênt (ht) of o:<ygen-rlch alllcoo ln the 450 oC t€lqrerature reglon
producee ehallow double donor atates. the defecte glvlug rLse to these statca
are terned theroal donora (TD'e). Over the past 30 yeara an lnteneLve regearch
has been carried out to reveal the Ëchaolaua of thlg donor fornatlotr and the
detalled atonl.c and electrotrÍc atructure of TD'e. Íbveral atoolc rcdele have
been developêd startlng wlth the orlglnal one by Kal.ser, FrÍach and ReÍaa (KFR
nodel) who propoeed a .clugter of four o:(ygena to constl.tute the TD [11. In the
followlng yeera nu[erous Dore advanced nodels were proposed Ln order to accouot
for the gradually growing evldence [2].

, Although practlcally conaenau8 hag been reached es to oÍygen locorPoretl'on
lq the structure of TD'É (wÍth Èhe noteable exceptí.on of a receat letter by New-
nen [3]), the evldence euataínlng thLs notLon ls only cÍrcurstaotlal. O:<ygen
lnvolvement ln TD'a la aeeumed on the baels of thê experloêntel obsêrvatlons
that: (1) TD'a can be created only Ín oxygen-rÍch al.llcon, (2) the klnetÍcg can
be descrlbed by power dependencea on the loterstlttel orygen concentratl.on and
(3) the fornatlon of TD'a le accoupanLed by a decreaae of lutêrstlÈlal o:rygen
concentratl,on.

In the pest ugnetlc rêaonancê studl.es hive contrlbuted stgnlflcantly to
the characterizatlon of TD's. Several EPR (Electron Parauagnetl.c Reaooance)
spectra related to the ht cetrtres were rêportêd t4,51. Íheae could be correlatcd
to TD's oo the baaÍa of the productLon condltÍore. Follorl.[g thê EPR results
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Flgure 1. Infrered transmlssLon spectrun at 9 pD of thê eample
ueed ln the experÍuent (T-4.2 K).

orthorhoublc-I s)tnnetry, crystallographlc polntgroup 2on, hae been postuleted
for TD'e. Ïte present paper reports a contlnuatlon of thêse studÍes. Ihe aln of
the projecÈ was to glve dÍrect evldence of o:<ygen lncorporatlon ln thê atructure
of TD's. In vlew of the fact that earller EPR studles [6] falled to reveal any
hyperftne atructure ln -the obeerved spectre of ht centree (ln splte of a htgh
concentratlon of the rro nagnetlc lsotope) Lt waa neceasary to apply thê mrch
hÍgher reeolving power of Electron lfrrclear DGrble Reeotrence (ENDOR).

2. EXPERIMENT

In the experLment hÍgh-grade, 1on carbon concentratlon, float-zone elllcon
was uged. SelecÈed eanples were doped wlth oxygen Ín a carefully cootrolled,
ultra-clean diffuelon process. O<ygen wae dÍffuged frou gas enrlched wlth I/O
lsoËope for 10 daye at a temperature of 1380 oC uel-ng an lnfrared elltpttcal
oirror oven. DeteÍ.le of thle procesa oay be found Ln [6]. Resulte of the oxygen
diffuslon were verlfÍed by neasurlng the oxygen-related optlcal absorptlon ln
the í.ofrared near 9pu. À tranenLseion spêctrul et 4.2 K of thê aample ueed ln
further ENDOR studlee le ehown Ín flgure 1. Ttre total olrygên concêntratLon of
the sanple calculated froo the í.nfrared abeorptLon eith the 1980 ASTM callbra-
glon stendard wao-^ /x1917 sr-3, the Ísotope coupoaltlon beÍog:
160 t 392, L7o t 462, l8o : t5z.

To genêrate TD's the sanplea were subJected to ht at. 479 oC for ttues up to
1000 hre. the foroátlon of ht centres waa nonl.tored by EPR and compared wlth the
fomatlon of TD'e ae neagured by reetativlty changes under the easuoptLon that
each TD auppllee on€ electron to the conductlon band. Ttre results for eamplea
wlth boron and alunlniun doplng are shono Ín flgure 2. SÍnllar data for
crucLble-grown naterial, etandard for TD studí.es, are aleo presêtrted. Ae can be
aeen, Ín partLcular for longer ht tloes, Bpectrut! S1-NL10 repreaents thê doD-
ldbnt forn of TD. the ENDOR experhent waa conducted ln a K-band spectrooeter
ttned to dlaperslon, at an lnctdent nlcrowave power of 2 ptl, rlth the senple at
4.2 K tenperature.

3. RESULTS

Numeroug ENDOR resonence llnee rere observed for the I{L10 EPR spectruu.
Flgure 3 preaente a typical EI{DOR spectruD aa observed for one of thê orlêrta-
tlons of NL10. For the condltlone of the e:rperÍnent - uÍcrowave frequency
v = 23 GHz, êlectrooÍc g:value Ee = 2, reaonance DegnetÍc fleld B = 820 nT - the
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nuclear Zeeoaa frequency f" - ggpg/h of the 17o nucleug, for wtrlch g11 - 5.772
l'frz,l!, 1e near 4.75 \Á2. A reaooence spêctru[ roughly B]metrLcal arouod thLg
frequency auggests the preseocê of o:rygen hyperflne loÈeractloo. To analyse the
spectrun tn a uore concluglve urraêr the follorrlng apln Baulltonlaa Ía probably
adequate:

H - r,sl.L.3 - euunl.l + 3.ï.Ï + l.t.l, (1)

where a quadrupgle ÍnteractLon ls lacluded ln vlec of the high auclear apLn
I - 512 of the r/o oxygen laotope; To fÍrst order the etrêrgy eLgenvaluee of th.
Ilanlltonlan are glven by:

tug,n1) ' gepBBEs - sl{pNBnI + A"ffugn1 + Qeffnl2' (z>
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Flgurc 2. Concentratlons of centres givÍng riee to S1-NI8 (o),
S1-![L9 ( A) end S1-NL10 (+) Bpectra and thernal donor concentratlon
(. ) versus anneallng time (Tenn - 47 O oC) f or f loat-zone r o:98en-
doped and Czochralski sÍllcon doped wÍth boron end alumlnÍum.
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Figure 3. Typical EIiIDOR scan f or one of the orientatlone of the
Sl-NLlO EPR epectrun.
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FÍgurc 4. Part of the EIIDOR epectnru for f reguencl.ee cloee to the
nuclear Zeeman frequency of the 170 nuclele neasured for two
values of the nagnetlc fÍeld B.
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Flgure 5. Ttre f requency ehÍf t of the ENDOR llnee a and b as a
functÍon of nagneÈlc field B. Solld llnee are plotted with slopes
determlned by nuclear g-valuee correspondÍng to- 17O , 27 $ and 29Sf
nucleÍ,.
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If the ENDOR resonences are neagured for geveral oagnetic fleldg Bn thetr
posl.tlons f' wlll ehlft aa glven by the follonÍng expresalon:

fn fo = tÏP . (Bn Bs), (4)

where frr, \ are the reeults of the n-th meagurenent wlth respect to a reference
neeaureDent at Degnetic fleld Bo yteldtng a reaonance at fo. Ttre shlft of fre-
quencÍes f wlth Eagnetlc fteld B 1s proportlonal to gN. fr" applicatlon of thlg
prlnclple for the detêrnlnatlon of gg 1s lllustrated ln fLgure 4. Ítre sane END0R
spectrun sag ueasured for tso values of the rlagnetic field dlffertng by approxÍ-
uately 8 nT. Aa a re8ult a ahift of EI{DOR frequenc!.ea by about 50 kHz 1e
obaerved (note that the ENDOR llnewldth ls of the order of a fer k[z only). As
can be aeen an ldentlcal shlft ls found for the geveral llnes coupoeÍng the
spectrr.tn. Couplete date on the negnetlc fleld dependeoce for tro arbÍtrarlly
choeeo resonence lLneg a and b 1s represeoted 1n fÍgure 5. Íhe 81opê of the
stralght llne-gÍvee SNl.rN/h - 5.77 lfrzlT, rhue unlquely ldentifying the nucleue
lnvolved aa LtO. Other caÍrdidates for hyperfine lnteractÍona have thelr 8N
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valueg well outelde experl.nental error [argÍ[a, rhlch caa also be clearly con-
cluded frou flgure 5. Ttre presence of o:rygen Ln TD's aasoclated wtth the SI-NL1o
EPR spectrun Ís therefore conclualvely eetabll.ehed by dlrect e:rperloental evl-
dence [7].

In a slnllar eay es deecrlbed above gme of thê ENDOR resonance llneg
observed for other frequency rangea were^ ÍdentÍfled aa erisÍng fron hyperfÍne
LnÈeractÍona dth 29Sl and (ientattvely; 2711 nuclel.

Full angular dependent patterna, to deternlne the slte EyilDetry of the o:ry-
gên atou(s), have not yêt been oeaaured, the experLuents beí.ng currently under-
way. TentatLvely, a pattern slth nÍrrorplaae claaa slmêtry has been found,
lnplylng that the TD asaocÍated wlth Si-NLlo cotrtaLna at least two o:(ygen etoma
on one of the olrrorplanea of the defect.
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