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THE ELECTRONIC STRUCTURE
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Natuurkundig Laboratorium der Universiteit van Amsterdam
Valckenierstraat 65, l0l8 XE Amsterdam, The Netherlands

The negatlvely charged state of the oxygên-vecetrcy eomplex Ín elllcon sag
lnvestlgated uslng electron nuclear double resonance. Ttre unpaÍred defect
electron le nalnly located ln two dangllng bonde tn the (0Ï1) nírrorplane.
In thÍe plane a group of ten tenaors wae found whose electron denslties 1z
ehow a nearly pêrfect exponentl.al decay as a functLon of the distance from
the centre of the defect Ín both dlrectl.ons along a l0Ltl zlg-zag lattlce
ehaÍn. More than 802 of the defect wave functLon Íe locallzed on thege
chalne. A nearly ldentlcal group of tenaora exí.sts aleo for the negatÍve
nonovacancy ln sÍllcon.

1. INTRODUCIION

The negatlvely charged oxygen-vacancy coroplex (0V-) was one of the firet radla-
tLon danage centres ln elllcon that nas dlscovered by Electron ParanagnetÍc
Resonancê (EPR) [1,2]. Thts so-call-ed S1-A centre (EPR.spectrun 81) le produced
by ÍrradÍatlon at room temperature of oxygen-contalnlng n-type slllcon wlth
electrone ldth an energy of 0.5-1.5MeV.

Ítre ldentÍftcatlon of the defect rvas based on the observatÍon that lt nas
produced only ln quartz-crucible grown ellL.c^on, wtrich ls known to contaÍn oxy-
gen to about the naxLnun solubÍllty, [0]=lQru g6-'t.

The oechanleo for the fornatÍon of the defect ls that of the capture of a
noblle vacancy created during the lrradlatton by an LntêrstltÍal oxygen aton.
The oodel for the defect Íe ehonn ln fÍgure 1.

Electrtcal oeaaurenenta of Wertheln [3] showed that the defect acta aa an
accêptor wlth a level at Ec-0.L7eV. Fron theae nêesurenents lt wae Lnferred
that the cooplex le ln lte negatLve charge etate when paranagnetlc.

The nodel for the oxygen-vacency conplex as outllned above wag conflrned
further by two eubeequent papers by Watklne and Corbett [4] and Corbett et al
[5]. In the flrst paper an extenelve study of the defect by EPR was^presented.
An LCAo analysla of the obeerved hyperflne Ínteractlons nlth the ztSÍ nuclel
aurroundíng the defect wae given as well as the actlvatlon energÍes for both
thernally actlveted electronlc and atreaa lnduced atoolc reorlentatlon of the
conplex. In the second paper lnfrared abeorptÍon studlee Ln correlatÍon wlth
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FÍgure 1. Model for the oxygen-
vacancy complex. Ttre oxygen atom
(black sphere) Ís locaÈed between
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EPR measurements were presented.
In thle paper lte wlL 1 present

the results of a study by electron
nuclear doubLe resonance (ENDOR) of
hyperf lne Ínteract Í.ons wlth 29 Sf
nucLeÍ. In partlcular we wÍll focus
on a group of hyperfine LnteractLon
tensors that glves remarkable nÍ.cros-
copic lnformatlon about the eLec-
tronic structure of the defect. It
appeared Èhat thts group of Èensors
ls nearly ldentlcal to a group found
for the negaËlve monovacancy.

In sectLon 2 we w11,1 glve a
descrí.pt1on of the experlmental, pro-
cedure; ln secÈÍ.on 3 experimental
results wt11 be presented and Èhey
wtll be dlscussed ln sectlon 4.

2. EXPERIMENTAL PROCEDURE

the ator08 b and c; thê defect eLec- Erperlnents were perforned on n-type
tron Ís naÍnly locall zed between a
and d. All further data refer to
ÈhÍs standard orlentatlon ad.

slltcon (typlcal dlmensÍons 2x2x20
mmJ) wÍth a phosphorus concentratlon
[PJ = 9x1017 

"t-3. 
The .o,xygen concen-

tratlon was about 5x101/ cm-J.
SanDlee nere lrradÍated wtth 1.51íeV electrone and beau currents of about

5grA.c6-2. Ttre tenperature of the sanple rae kept below -7OoC.
The EPR and ENDOR uêasurenent8 were done wÍth a superheterodyne K-band

apectronetêr opêratlng at 23GHz. ltre used a cyllndrlcal fEOtt reêonance cavlty
nade of eplbond wlth a eí.lvered lnner wal1 ln whlch a epÍra1 groove nas cut,
thue actlng as an RF coll [6]. EMOR elgnals were recorded as changes Ín the
lnteneity of the dÍepersÍon conponent of the EPR slgnal uelng double phaee-
sensLtlve detectlon; the Eagnetlc fleld was ruodulated at a frequency of 83.3H2
and the RF uas nodulated on-off at a frequency of 3.3IIz.

Íhe sanple was oounted Ln e stalnleee eteel cryoatat that was, among other
thlnge, bul1t to functLon at low tenperatures over long perlods [7]. Ttre ueas-
urements rvere done at a temperature of 25 K. The oagnetl.c fleld could be rotated
Ín a {110} plane of the crystal.

3. EXPERIUEMAL RESTILTS

A. EPR

The EPR spectrum of the O\I- cornplex can be deecribed wÍth the epln ltranlltonlan
- +{à+
H-t"B.g.S, (1)

nlth S-l/2. The symoetry of thê defect, rhonbÍc I (poÍntgroup 2m), 1s
reflected ln the forn of the g-tenaor, wtrÍch for thle symnetry has three
lndependent paraoetera. The prlncÍpal values of the g-ten8or were calculated by
a co[puter flt of the reaeured oagnetÍc reaonance flelds to equatl.on (1). The
valuee thus found wêre: 91-2.003310.0001 ([[100]), e2-2.oo25!0.0001 (ll[011]),

. and 93-2.009310.0001 (ll[0Ï1]), ln good agÍeenent !Ílth reference [4]. Flgure 2

shows the angular plot of the êffectlve g-values, Seffr for rotatlon of the
oagnetLc fleld tn the (011)-plane. Ttre eÍx different defêct orLentetí.ona are
labelled Ln accordance wlth flgure 1.



DEFECTS IN SEMICONDUCTORS

2.O1 00

2.0090

2.0080

2.A070

2.0060

2.0050

2.0040

2.A030

2.OO20

B. ENDOR

The ENDOR spectra can be

H=

Flgure 2. Angular dependence of Èhe effeetlve g-
values , gef f , of th^e OV- compl-ex for rotaÈlon of
the rnagnetÍ.c fleld É ln the (0Ïl)-plane. Orlenta-
Èlon label,s refer Ëo flgure 1.
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with S-1/2 and l=l/2.
To the electron Zeeman ÍnteractLon tero ln equatLon (1), are added the

lnteractÍ.on of the defect electron Ídth 29St nuclei and the nuclear Zeenan
í.nÈeractÍon, respectlvely. The Lndex í. enumeratea the lattÍcê sltes around the
defecË.

The eonfiguratlon (OV-+29S1; can have thrêe $lfferent a]'nmetrleÊ, thaÈ
are reflected ln the hyperflne lnteractlon tensor A: trí.cllnÍc, nonoclÍnLc I
and rhonbÍc I (polntgroups 1, u and àan, reepectlvely). Syouetry equlvalent
atons form so-called ehe11s. For the nonoctlnlc shells ríe can dÍscrÍnÍnate
betlteen shells ln the 

"6-10Ïf) 
.tt6 6s-(011) nÍrrorplanes. Angular dependent

ENDOR scans were nade for the defect orí.entatí.ons labelled ad and bc ln flgure
2. Together wlth the ENDOR frequencles obteí.ned for the other orlentatl.ons Ln
the [100] and [011] dÍrectÍons, a suffLclent set of frequencÍes ls obtalned to
deterrnlne a speclfÍc hyperflne tenaor unlquely. Ttre hyperfÍne tenaor paraneters
were deterní.ned by a conpuÈer flt to equatlon (2). In these flts the g-valuee
were kept conatant and che nuclear Zeeman Ínteractí.on term nas teken to be lso-
troplc wlth glgpX/h--8.458778Mt{z.T-1 [7]. Llne !Ítdths at haLf uaxlmun (FWHM)
varled fron about ZkHz Ln the low-frequency regí.on to about 350kllz for Èhe
Largest hyperflne lnteraction. Froro the !íad class shells a group of ten can be
dletlngulshed whlch show a renarkable slnllarlty to each other. Ítrls group wlll
be dlscuesed ln the next sectLon. Flgure 3 shows the largest hyperfÍne
Lnteractí.on tensor of Èhls group, whleh l.e also resolved Ín EPR, as well as the
srnalLest hyperflne tensor.
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FÍgure 3. Angular dependences
est hyperfí.ne í.nteractlon Madl
the group of tensors. Note that

4. DISCUSSION

In the oodel for the defect, that was propoeed by Watklns and CnrbetE [4], the
defect electron ls thought to occupy an antlbondlng orbltal. Ttre wave functlon
of the electron Ía constructed fron the orbltals centered on the four nearest
nelghbours of the vacancy. !ítth thls nodel lt Íe found thaË the wave functLon
ls nalnly located on the atona a and d. Ttrls Íe conflrned by experlnent; about
602 of thê nave functlon í.s found to be localLzed on these two atons. lhe
reualnlng 4O7 ta spread out ovêr the nore dlstant alllcon nel.ghboura.

For an LCAO nave functlon Y - Xtnt(cto"Í * prooÍ) lt follolrs that hyper-
flne lnteracÈlon ten8ors are axÍally ÊynueÈrlc and càn be written ae the eun of
an leotropÍc part, the FernÍ contact lnteractlon, and an anleotroplc part, the
dtpole-dlpole Lnteractlon

O(DEG.I

of the effectlve A-values for the larg-
(l,eft) and the smalLest one, Mad18, of
Ëhey both have nearly axial s)rmmetry.

(3)

(4)
1Owlth a1 -*fr(A). The dlpole-dtpole lnteractlon tenaor hae prtnctpal values

(2b1, -b1,'-b1;, wlth:

<+ <t (+
At '.il + tt

The Fernl contact lnteractLon ls rrrlÈÈen as

.r - +pospBsupunïaï lY(o) I3 ,

br :' *rpnewhr n?p?rr-tro

The paraneter t112 le the fractlon of the wave functl.on centered at slte l: ol2
and Btz are respectlvely che fractlon a- and p-charecter. NornalÍ.zatlotr
requtrês that c12 + p12 -^1'. Atomlc orbltal paranetàrs 1V{O) 1"2 - 34.511930 r-3
and (r-r)p ' 18.6x10rutr-r can be taken fron reference [8]. Uslng thêse valueg
and the eixperÍuental parameters a1 and b1, re calculated the paraoetete a12,
B1z and n1z. Ttreee valuee and thoÊe for a1 and b1 are given ln table I for the
group of ten tíad tenaora (the conplete reeulta w111 be publÍshed ln a gubge-
quent paper [9]). For thls defect irlth rhonblc I almnetry, axlally syonetrlc
tensora actually do not exlst. For thêse ten Èensora the devletlon la anall,
however, eo that the LCAo descrÍptí.on gl.ves a very good approxÍnatl.on.
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Tsble I. LCAo pararoetere for the group of selêctêd }íad tensors. As the el.gn of
the hyperfÍne Ínteractlons could not be deterolned, absolute values for a are
glven. PeraDêters are deflned ae ,.n the text. 

^À 
Ís the absolute error. Lettlce

poeí.tÍons are gÍ.ven as [xyyl. Equlvalent posÍtlons are [x]]1. Tensors thaÈ do
not belong to the subgroup of Uad tensors are onltted.
Tensor a b

(kHz ) (kHz )
alb a^t a2 gz

( kHz ) (7") (%>
,12 Posltlon
(z)

Madl 4L247 6 23980 L7 .2
r'lad? 39393 4087 9.6
Mad3 26LL6.5 2840.L 9 .2
Mad4 L7 582 .5 L428 .7 L2 .3
Mads 6399 655 9.8
Mad6 3395.7 344.4 9.9
MadS 1617.8 145.1 LL.z
Mad9 1056.1 94.7 LL.2
Mad13 384.0 39 .5 9 .7

10 30 .2 69 .8 30 .0
5 19 .5 80.5 4.4
1 18.8 8L.2 3.1
0.6 23 .6 7 6.4 1 ;6
3.0 L9.7 80.3 0.71
o.2 L9.9 80.1 0.38
0.3 2L.9 78.1 0.16
0.3 2L.9 78.1 0.16
0. 1 19 .6 90.4 0 .04

ïrr
022
ïr:
044
ïss
066
Ttt
088
ïgg

Mad 18 256.L 23 .7 10 .8 0.4 2r.3 78.7 o.o3 [o1010]

The tensors l-lsted ln table I are eelected ae they are very sÍní.lar to each
other ln the followlng aspecte:

the largêst princlpal value has lts axLs nearly parallel to (111), the
second-largest princlpal value has íts axÍs perpendlcular to the }íad otr-
rorplane,

- the ratlo a/b Íe very eÍuLlar for all the tensors,
- the devÍatlon fron axl.allty ls only about 10 Z for all of then.
The ten other Mad clase teneors that we found are appreclably different Ín
Èheee aapecte. Iííthln the group only l'Íadl le soneríhat exceptlonal. A poeslble
explanatlon for thls can be found Ín lnward dlstortlons of the neareat-
nelghbours of the vacancy.

It can be seen that subsequent rraluee of q2 dtffer roughly by a factor of
two (wlth liadl agaln aa an exceptÍon). Flgure 4 shons a eeml-logarlthnÍc plot
of 11z-valueg fron lable I verauÊ thê dÍstance to the vacancy of successr.ve
lattlce eÍtes on t}l.ê zIg-zag chaín along a C10) dlrectlon neaeured along the
bonds.
All the polnts can be fttted to a straÍght llne of the forn

2- - 2n-("r)=nlexn(-rrlr). (6)

Leavlng out líadl thls gave \o2-O.2O and ro=3.5Á ltlth a correlatí.on coeffl-
clent 0.993.

I{e conclude that the assumptlon seens JuetLfied that the teneore of table
I should be ldentlfled wlth lettlce sí.tês on the trío senl-lnflnlte chaÍne of
atoms along the [011] and [0ÏÏl dí.rectlone startlng at the vacancy. Ttrle ls not
unreasonable slnce the electron densÍty le naÍnly Located on the tlto nearest-
nelghbour atoms and Ln a covalent lattlce the wave functlon has a preferênce to
propagate along the bonds. Tte conplete aseLgnnent ls shorrn ln table I.

The nodel for the electronlc structure of the 0V- conplex that energeg
fron above conelderatlons í6 that of an extended quasÍ one-dlmengLonal defect;
-80 Z of the electron densÍty le conflned to the chalne of atoms that lle along'the [011] and [0ÏÏl dl.rectlons enanatlng fron the centre of the defect. Àlong
thege chalns the electron denelty falls off exponentlally at a rather slort
rate. Under the preeent assÍgnnent tensor Mad18 oeasures the lnteractlon nlth
atomê at a dlstance as far as 19.2 A.

Experlnental support for thÍe rnodel ls found Ln the ENDOR Deaaurenenta on
the negatlvely charged Donovacancy (EPR spectrun 51-G2) by Sprenger et al
[7r10r111. Ttrle defect has the saoê s]rrnDetry and conparable g-values. Also

.here a slnllar group of ten líad tenêora wlth the game charactêrlstlcs as
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ment loned f or the group of l'Íad
tensors of Èable I nas found.
Sprenger analyzed hls results ln
the same fashlon as was proposed
earller by SLeverÈs for the
analysls of the ENDOR measurements
on Èhe poslÈlveLy and negatlvely
charged states of, Ëhe dlvacacy Ín
slllcon t12l , the dtfference belng
that Sprenger took the partlcular
group of slnllar tensors as ln the
presenÈ case. A f tt of Sprenger ts

daÈa on Èhe vacancy qave a very
comparable result: Ílot = 0.27 and
Eo = 3 .3 A. Thls ls one of the
lndlcatÍons that vacancy and
oxygen-vacancy complex are defects
wlÈh a sLurllar eLecÈronic struc-
Èure.

TheoreÈÍcal supporÈ for the
"chaÍnqodel" for both \r and 0V-
Ís found 1n calculatlons by l(ane
[13]. For a defecÈ wÍth cubic s]rn-
metry and Èaklng a slnple

perturbatlon potentLal, a preference for the electronlc charge to spread out
along the twelve (110) latttce chaí.ns wag found. Fron Kane'g data a decay
length of the charge on the chaÍn atomg of ro - 3.4 A can be derlved. lhls value
Í8 ln very good agreenent nlth the present experlnêntel date.
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