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Abetract

After I .5 DíeV electron lrradiatÍon of boron doped sll1con at
T-l 8 K and subsequent anneal at T=l 90 K the electron paramagnettc reso-
nance spectrum S1-Gl0 was observed. Ítrls spectrum has tentatlvely been
ldenttfled wtth a boron-vacancy complex ln trlcllnlc eynmetry by I{at-
klns. In the present study we prove the presence of boron ln the
center wlth electron nuclear double resonance (ENDOR) measurements.
The hyperflne and quadrupole í.nteractlone wlth both boron lsoÈopes
(10g, iatural abundance t8.gZ, nuclear spln I-3 and I lBr 81.22, T-312)
were deËernlned as well as the nuclear yvalues. The lmpllcaÈions of
these lnteractlon parameÈers to the aÈomÍc model are dÍscussed.

IntroductLon

The present atudy le coocerned wtth a defect ln low-tenperature
electroo-irradlated sill.con, ldenttfied aa a boroa-vacancy palr. In 1976,
lfetkins (l) fouad e nêlr EPR-spectrun, labeled St-G10, whlch he tentaÈlvely
aecrLbed to a borou-vacaÍrcy paÍr. Ae he nag unable to prove Èhe presence of
boron Ín Èhe centerr thls ldentÍflcetí.on waa baeed upon clrcunetantlal argu-
oenÈa aod, nore geoeral, upon the knowledge of damage procêaaes ln low-
teopêreture electron-lrradlated el11con. The flrat low-temperature
electron-Írradlatlon experLmente go back to 1963 (2), wtren Watklas found an
EPR-spectruD (SÍ-Gl ) which he ldentÍfled nlth the lsolated latÈlce vacancy.
Later, detaÍled uodelg nere proposed for the dauage nechanleos í.n low-
teoperature trradÍatlooe (3). It was shown that, even at temperatureg as low
ae 4K, the eí.IÍcoo Belf-lnterstltÍal ls hlghly uoblle durí.ng the lrradla-
tl.one, rhereae the vacancy í.s not. ÍtrLs Eakea the neÈ ilauage productLon low
becauee vacency-LnterstÍtÍel paÍre can recomblne. In p-typê EaÈerlal the pro-
ductÍon reÈe ts hlgher e8 ÍaterstltÍals are captured í.n a very efflclent way
by the aubstitutLonal acceptor etoms, whLch becoue LnterstÍtí.al theneelvea
(3), lry a mechanl.su as:

str+\+\
rhere A gtande for an acceptor atou, auch ag aluní.num or boron. Thls oodel
ls furthêr confÍ.roed by the ldetrtlflcatlon of two EPR spectra, S1-Gl8 and
St+28, stth À1r (4) and h (5), teepectlvely. Àt tenpereturea í.o the range
of 160-180K the vacancy ln p-type el.licon becomeg nobile, whlch ls reflecÈed

(l )
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in the fornaËÍon of complexes such ag
divacancles and vacency-lnpurlty palre.
In alumlnum doped naterlal a Bpectrum
wlth Èrlgonal symmetrlr SÍ-G9, was con-
vinclngly ldentlfled wÍth a vacancy-
aluminum complex wlth Èhe aluminum aÈom
on a neareet nelghbor slte of Èhe
vacancy, V.A1S (6) . ThÍs spectrum
arlses as well after a room-temperaËure
lrradiatlon of Al-doped g1l1con ag
after a low-temperaÈure lrradlatlon
followed by an annealLng step aÈ
T-l 70 K. The center dtsappears ln the
ÈemperaËure range 200-250 oC. Under
sl.nllar condltlons ln B-doped naterlal rró
spectrum ClO arÍses. Although lt has a
lower s)tmme try Èhan the G9 sPectrum , a
lorrer anneall.ng ÈemperaËure (^O oC) and
no reeolved B-hyperflne structure ln
EPR, I{atkÍ.ns concluded ÈhaÈ the Gl 0
specÈrum must arÍse from a boron-
vacancy palr. Because a nearest nelgh-
bor poeltlon ls not llkely ln thls low
symmetry the boron aÈom has Èo be on a
next neares t nel.ghbor s l te of the
vacancy. Flgure I gÍvea thls atonic nodel ln one of lte 24 poeelble orlenta-
tí.ons.

In thls paper se report electron nuclear double reaonance (ENDOR) reae-
ureaenta on the St-G10 specÈruo, whlch beyond doubt prove the presence of one
boron atoo ln Èhê centêr. lhe next sectl.oa.glves lnfornatlon about the exper-
Ímental procedure, Èhen a auulary of our experlneuÈal reeults ls glveu fol-
lored by a digcueslon of the lnpllcatlons of our reeultE to the dêfect nodel.

Experluental procedure

In a cryostat for coEblned low-tenperaturê electron ÍrradíaÈlon and spln
reaooance ueaaurementa rre lrrad14Èed e senple of boron doped float-zone e11í.-
con (reeletivtty 0.1 oqr, 5*19173.96-3) tirtt l.5Mev eleecrong ro a fluence
of -101, electroae.cu-2. DurÍng Èhese ÍrradÍatlons the ÈeÍlperaÈure wae kepÈ
belov 18K. lte productlon of vacancí.eg wag nonltored ntth the vacancy-
ageocLated EPR spectra St-Gl and SÍ-G2. EPR and ENDOR oeesureoents rere per-
forued ueÍng a euperheterodyne apectrooêter operatlng at a frequency of
23GEz. The nagnetic fleld rras roteÈed in the lOTl;-ptane of the eanple.
Te[perature could be varled durí.ng the neagureuenta froD 4 K to 30 K. EPR
apectre were recorded ln dlepereLon mode nlth rnagneÈlc fleld oodulatí.oo at a
frequeney of 83 Ez and phase sensí.tÍve detectÍoD. ENDOR wae obeerved by
extra square wave uodulatloo of the RF-fÍeld at a frequency of 3.382 and a
gecood lock-ln detector uonÍtorlng changes ln the EPR-tntensÍty. Best
reaults for ENDOR of the SÍ-CIO apêcÈrun were obtainêd at a tenperature of
l8 K.

Experl.mental re8ul t I

Flgure I - l{odel of Èhe boron-
vacancy complex, af ter t{atklns
(1 ) . Ttre boron-aÈom le marked x,
the orÍ.entation ls dba.

After anneal to a teoperature of l90K for 15 Elnutes we obeerved the
EPR-spectruo Gl0. Flgure 2a gÍves thls EPR-specÈrum ln the chree hlgh-
sy@etry dÍrectlons í.n the (0Tl)-plane... The EPR. oeasureuente can be
dàacrtuêa -wtth the spln-háo11tonr"" k-rr"l.Ë.3 where 3 te ttre electron-apln
(S-l/2), Í la the oagoetlc fleld and-E le the ftensor reflectlug the
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Flgure 2 - EPR of the Sl-Glo apectruu: (a) EPR spêctra wÍth the nagnetlc
fleld 1o the three hlgh-syEoêtry dlrectlooa of thê crystal at a Ëempera-
turê of l8K and wlth a olcrowave frequency of.23.176C82 ; (b) angular
depenilence of the effectlve yvaluee ag calculated frou our leaet-
aquarea flt for oagnetlc fleld dlrectÍoas la the (OTl)-plane. The 24
poeslble defect orlentatÍons coí.ncide í.n pa.lra becauae the oagnetÍc
fteld 1s 1o thle plane.

aoÍsotropy of the defect. In thls caee the sy@etry ls 10|í (trlcllnic), thug
the syuoêtrlc g:teoaor has 6 lndependenÈ elemenÈs, 1.e. there ere ru) resÈrlc-
tí.ons to the prlncÍpal axea and prlnclpal valueg. Ttre yteoeor eleoenta lrere
deterElned Ln a conputer progran rÍlth a leaet equares flt to thê EPR data and
found to be ln cloee agreerent wlth lÍatklns'valuea (l). Table I glvee the
prloclpal valuee and prlocl.pal axes of the fteuaor as found by us. Flgure
2b ahone the anguler dependeuce .of the g-valuee calculated rdth thê fÍtted
parameters. After rrartrlng up the eanple to roou-temperature the spectrua has
dLeappeared, whereae the dlvacancy concentretl.oa, as EonÍtored hy the G6
spectrum, has grown appreclably.

In these EPR spectra clearly no trace of hyperflne tnteractÍona wÍth the
ragnêtlc borou nuclel Le found, apparently thls lnteractlon ls too 8oa11 to
be observed aa an EPR-spllttÍng. Itr ENDOR er.periments however, the resolvlng
poner le a fen orderg of oagnltude larger than ln EPR, becauee spectroacoPl-
cally ENDOR í.s an I{MR experLuent. FÍ8ure 3 glves examplee of ENDOR epectra
frou the htgh-field EPR lÍae ln the n00l dtrèctlon-(see ftgure 2a). fheee
ENDOR spectra can be uoderetood ae arí.sí.ng from the llB and the luB nucleÍ
respectÍvely. The oeaeureoenta ur8t be descrlbed wlth a oore coopllcated
epln-haolltotrÍan, containlng the boron nuclear spí.na:

íbl

(2)

shere 3 Ís the electron sptu (s-l lD, I ls the utrclear apln (I-3, 103,
natural abundance 18.82 or 1-372, ll3,8l.2Z). The fÍrst têr[, aa before,
represents the electronLc zeeoao Lnteractloo, the eecond ter[ the laotroplc
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nuclear zeeman lnteractlon. The
thlrd term 1s the lnteracÈlon between
the electron and nuclear eplne, the
hyperflne ÍnteracÈlon, and Èhe laet
term ls the mrclear quadrupole
lnÈeracÈ1on. .Ihe hyperflne lnterac-
tÍon tensor i has slx lndependent
elemente ln this s)tnmetry ^Êhe 

qua-
dnrpole interact,lon teneor Qr whlch
1s taken traceless, has five. Thus
the to tal spin-hanl ltonÍ.an of êg . 3

contalns l8 lndependenÈ parameters
for each of the two poeslble nuclear
epln values, the dimenslon 1g 1 4xl 4
ln the """á of I 0g and 8x8 ln the
caae of I I B. FÍgure 4 glves flret
order golut lons f or the etght en_ef gy
levelg ln the elnplest case, I I B,
s-l 12, T-312. This flgure aerves ag
an ald ln underetanding the poeeibLe
transltl.one ln this system. EPR

t ransl, Èí.ons are those with
Ang-tl r Àm1-0, NMR Èransltlons (seen
ín- ElIDOl.) are those wÍth
Àma'tl , Ame-O. In thls spectrum, êB

neàtloned "before, the eplltting of
the 4 EPR llnes ls too small compared
to the EPR llnewldÈh t,o be resolved.
The six ENDOR llnes however, are well
separated, es shown ln f lgure 3. ïro
groups of each Èhree lÍnes are vl.sLble, thê teo groupe lyÍag sy@etrÍcelly
arounil the ouclear zeeoan frequeocy vr-ggt\B. The Bpllttlng between thê two
groups 1g due to the hyperflne lnteractfon, th^e spllttÍÍrg wlthtn thê groups
ls duê to the quadrupole lnterectÍ.oo. In Èhe luB ceae the Bí.ÈuaEl.ou le sÍnÍ-
lar although the levelschene contaLns l4 levels wtth 12 poeal.ble EI\IDOR tran-
sltí.ors Ehorn Ln flgure 3. For Bo827 trT the l0B ltnee are found near 3.78
líIIz, the l0B nuclear zeeoan frequency, and the lll llnes oear ll.3 UIIz.
Thus, the teo lsotopes can be treated eeparately ln the analyela. In the
hÍgh-aymetry dlrectlons slow gcang were taken to get datapoints for a least-
aquares flt. Froo the angular dependence 1È nas deduced whlch detepol.nt8
belong to whlch of the 12 poeelble orlentaÈlooa and then the paraneters nere
fttted in a leaet squares progretr irhlch flts the transltlo[s to thê elgen-
valuee of the hanÍltonian DaÈrlcea of dÍnenslon 8x8 and l4xl4 reapectÍvely.
AB ENDOR transltloos are to flrst order lndependent of the electronlc 8-
values, durtng fÍtttng of the ENDoR deta Èhe electronÍc g:value pararetera
lrere kept conaÈenÈ to the values prevlously found 1n the EPR ftt. Ttrus here
fÍts to 12 paraoeterg uere nade. Table I gí.ves the prlnclpal valuee and
prlnclpal alÍrectlons of the interectí.on tenaora thus found; flgure 5 ehowe
the eogular dependence of the hyperflne aad quadrupole ÍtrteracÈí.one ln the
case of ll8. Becauae the hyperfine spllttlng í.a not reeolved Ín EPR, lt lg
not obví.ous to whlch EPR transltÍon a certaln NMR transltlon belonge, leavlng
an aoblgulty 1n the aÍgn of the quadrupole í.nteractl.otr wlth respect to the
hyperflne Ínteractlon. By a epecial exteoalon to the ENDOR technlque, celled
Fleld St'_ept EI{DoR (FsE), thle oblgulty cao be reuoverl (8). the relatlve 8l.gn
of the X and 8 tensora as gLven í.n table I were detemlned wlth thls tech-
ntque (9). The electronÍc g:values, es oentloned before, are cloae to líet-
kinet valuee (l), the nuclear g:-values are Ln turn cloae to those found Ín
nuclear tablee (7). The nert sectí.oo dlscusses the hypêrfloe aad quadrupole
parameter8 ln vl.ew of the ato[Íc uode1.

rtlrrttltt rrttltrrtlr
11.00 1105 11.55 11.60

-----> v lMHzl

lrrtrlttrtrtltrrrlt
3.65 370 385 3.90

--.>vlMHzl

Flgure 3 ENDOR specËra of 51-
Gl 0 from Èhe hlgh-fleld EPR llne,
8=826 . 73 mT, ll il 00 J .
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DiscussÍon

The dlgcuealon on the orperluental reaults wt1l be dtvtded Ínto tr.o
parte, the hyperfine lnteractÍoas end thê quadrupole í.nteractí.ons. FÍrat, sê
wll1 digcueg the hyperfltre ÍnteracÈloog..- It Lg ugual to 8p11t hyperflne
loteractlon tensora Lnto tso r)erts, f-".ï.+S, where a lg the leo-tropÍc iart of
the hyperflne Eeoaor, .-1ftÏ;/1,'"la ï íe a symetrlc, tracelese tensor
reflectlng the aoleoÈroplc part of X. BoÈh perts have thelr í.nterpretaÈÍon
ln terEs of savefunctlong, a 1g related to Èhe wavefunctl.on through the
FernL-contacÈ Lnteractlon:

" - íoerrrs'r5rlv<0y 12 (3)

where lY(0)12 ts the probabÍ].Íty denaÍty of the p6rrnagoetlc electroo on the
aucleus lnvolved. The anÍgotroplc pert of the wavefunctlon arl.ses fron the
spatlal distrlbutlon of the wevefunctl.on, the loteractlon lnvolved lg the
dtpole-dÍpole LotêractLoo between the oagnetlc oooenta of electron and
nucleue. Itl.s tensor cen be wrí.tteo es:

,rJ - *spBsNl,N.*lt:tJJ - 3'* (4)

where Y ls the electronÍc rravefunctÍoo and xlexq-xe]l,2. As can be seea ln
eqe. 3 and 4 both parts of the hyperfine l-nte*actlon gcale wÍrh gpBgNpN,
thusr^Ín the.abeence of any lsotoplc effect on the wevefunctlon one eipëcEe
Èhe ruB and rrB hyperflne paraneterr to be proportÍonal to thelr gN valuee.
In table I one caa aee, that thls ls lndeed the caee. Iherefore we will ltnit
the dlecuesÍon to follolr to one of the trro Í.eotopee, llB.

l{tren evaluatÍng the f lgures
a--l 54.3 kltz f or the lsotropic part

of Èable I, one obtaine a value of
of Èhe hyperflne tensor and Ehe values
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Table I ParameÈers of the specËrum S1-Gl 0, deteruined by flttlng the
ENDOR data to the tnnlltonlan of êg. 2. Ttre experimentaL error ln the
g-valuee Í.s +0.0002 , unlte of the hyperf lne and quadrupole parameters
are kllz , the error Íe +0. 5 kflz . Ttre prlnclpal dlrectlone are for the
orí.entaÈion dba.

g-values n[ 100] n[010] n[001 ]
g1'2.0090
gz'2 'oo5l
gq'2.001 I

-0.9979
o.1257

-0.4218

-0.361 5
-0.7573
0.5439

:o;tFiT
0.6408
o.7254

I ls

.6002 !0.0001

value ( lcHz )

I .7921 t0.0002

n[ I 00] n[010] n[0ol J value( kHz ) n[ I 00] n[0] 0 J n[001 J

Al' l8o
A2--l 54

-0.788 -0.61 5
-0.591 o.769
-0.174 0.172
0.636 0.661

-0.361 -o .202
-0.682 0.723

0.033
o.242

-0.970
0.399
0.91 I

-0.1 I I

At - 537
A2--459

--54 I
Ql- 88
Q2' -26

-62

-o .792 -0 .609 0 .039
-0.584 0.774 0.243
-o .177 0. I 70 -0 .969
0.637 0.660 0.399

-0 .361 -0 .202 0.91 I
0.682 0.723 -0.110

--1 84

Qr' 3

Q2' -1 I
Orr -26

Br-ó91.3}tr2,..f"-3g4.7kEz aad 8r--386.7182 for the prlnclpal valuee of the
aiÍeotroplc'ËÉ.oaor. Ttreae fÍturee lndlcate 

" 
very gnali localtzatÍoo of

thê pereoagDetlc electron on the boron atou (one electroo ln a 2e orbltal on
the boroo would gLve a velue of a-2.547clf2, rq!(10)). Through the analyeis
of the reeolved Éyperflne atructure wLth one 29si aton, Watkín8 (l ) ahowed
that 552 of the paramagnetic electron Ls concentrated ln an orbÍtal on ooe of
the nel8hbors of the yecancy, the aton Labeled a ln fÍgure 1. We ttl1l co[-
pare the ení.sotropic pe.rt of the boron hyperfÍne lnteractÍoo tenaor froE our
experluent rÍth the hyperflne í.nteractlon due to dlpole-dtpole Lnteraction of
the boroo nucleus nlth thls electron. I{e aasuoe a fractloo of 552 of an elec-
trou bel.ng located a8 a polnt eharge Ln the vacancy, the orlgÍn of flgure l.
Such a dÍpo1e-dÍpo1e lnterectí.on ylelds a purely axlal hyperfÍoe te[sor rlth
prlnclpal values 2br-br-b. Evaluatlon wtth eq. 4 glvea thê value of b:

.ro1b 'dshc*rhF (5)

The a:la1 dLrectÍon of this tensor Ls the connectlou betseen the two dÍpoles.
Takl.ng our experí.nental tênaor axÍal for the Eonent, we have V345.7 lrJtz,
wlth the axtal dlrectlon [-0.792,-0.609,0.0381, only 7.70 frou the tÍTOl
dlrectton, whlch le the dlrectlon where ln llatkÍng' [odel the boron atoo lles
(la flgure I the atoo posLtlon oarked x ls on ttre 12201-poeltlon). Calcula-
tl.on of b rtth eq. 5 glvea b245.6 kIIz. Ile eonslder thêse resulta aa a strong
support for Watklas' etooÍc oodel, although the velue of the calculated b le
=302 lwer than the experloental value. Of couree, ln a nore sophÍ.ettcated
treatEent, one ehoulal take account of the fact, that the elêctron lB not a
polnt charge but sprêad drt over a wavefunctlon. Furtheroore a larger frac-
tlon thea 552 ytl1 be located nearby the vacancy, ln faet, ENDoR oeaaureuenta
reveal another 52 on each of the atoma b anil c of figure I (9), whlch brlngs
the Èota1 to 657. Furthêruore large illstortl.ons can occur around vacanclee,
and a dletortloa of ooly 107 of the Sl-bond length le aeeded together rrlth
657 of, thê electroo aa above to brlng our point charge nodel lo agreeuenÈ
wÍth the experloêntal b-value. Theee Dodelg however do oot 8Íve the absolute
dlrectÍon of the dlpole-dtpole axla, leavlng the eÈoo posltlon at [220], on
thê othe! glde of the vacaocy, equally probable. Ttris poaltlon, oar}.ed x' ln
flgure l, le aleo allowed by tlatllna' uotÍoaal resulte (l).
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Flgure 5 Angular dependenÈ patterns for 1 I g calculated wlth Èhe f ttt,ed
hanlltonlan parametere: (a) hyperflne lnteractlon, (b) guadrupole ln-
Èerac t lon.

lol

quadrupole lnteracËion, wtrlch can be
between Èhe nuclear quadrupole moment,
nucleus:

n=eQ*1J 4Í(2r-l ) 0x,0x,
o2v

shere e ls the electron charge, Q t9 the nuclear quadrupole looentr I ls the
nuclear epÍn and v Ís Èhê electroetatlc potentÍal (ll). ltua, the { teoeor
ls a oeagure of the total unbelanced charge denalty around Èhe nucleuar and
not only thê spln den8lty. It aervea, l.lke the hyperflne LnterecÈloo' as e
probe for the defect navefunctl,oo, because the nnperturbed cryetalr wlÈh tÈs
cublc eyunetry, doee not conÈrtbute to these fleld gradlente. The nuclear
ooadruoóle nonénte can be found to be 8.5x10-30t2 rór l0B and 4.1;19-3062
io" tlir (Z). Agaln rË cao aee froo our neaaured values thaÈ there ls no evl-
dence of Íaotope shÍft oo thê electroolc rravefuncÈloc. Ag ln the caee of Èhe
hyperflne lnteractí.on we vl1l lluí.t oureelvea Èo the effectg of an electroolc
golnt charge. Such a poí.nt charge at dlgtance r ylelde an axlally syoretrlc
{ tenaor wÍth prlnclpal values 2q,-qr-q. I{lth eq. 6 oae can evaluate:

(6)

ta= r .2Q !Y - 4ieo 4I(2I-l ) 13
(t>

In the approxlnatlon of -axl.al Eyooetry of the obeerved quadrupole í.nterec-
tí.on, rÍLth q-44kgz forllB, and after substltutí.on of the value for Q, ne
fÍnd one electron charge at a dí.steDce of about 0.6 Sl-bond length. Thls
value eeems not unÍeeaooable although detalled calculatlon 1! tertrs of elec-
tronl.c orbltals sould be treceaBary to..evaluate the experÍDetrÈal results cou-
p1ete1y. The axlal dlrectÍon ot itre Q t"o"o., to.Oszlo.OOo'0.3991, deví.aÈee
only llo frou the [11] directton. firla alÍghtly favore the atooÍc poeltlon
x'l,n fl.gure 1 over posltlon x, becauee at xt the borotr atoE ts ln a [111]
dlÍectlon wLth respect to one of the nearest oelghbor atons of the vacancy,
labeled b ln ftg. l, wtere euch unbalanced chargee uay be expected.
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ConcI-usLons

Io thls rork oe have unanblguouely Proven the presence of ooe boron atoo {n
the Sl-GlO center. the boroo hyperflne lnteractloo teoaor can bê Partly
í.nterpreted Ín teros of dÍpole-dlpole lnteractloos and aervea aa strong auP-
port for the atotrlc rodel. !íore detalled lnterpretetlotr' a13o eupported by
ENDOR resulta for varlous elllcon atong around lhe couple:c, ls left for the
future.
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