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ABSÏRACT

Precipicacion of lron impurtty atoms in silÍcon proceeds in lts early sttges
vÍa the fornaÈion of lron-lron pairs, iron-irnpurlty pairs and complexes con-
slsting of a few atons. The structure of such aggregates can be lnvestlgaÈed
by nagnetlc resonancê, Angular variation of the spêcËre reveals the s1mmetry
of the centres. An analysis of the g-values of the resonances gives the number
of lron atons ln the centres and their charge state. Independently, the number
of iron atons is obtained from the hyperfine structure Ín the spectra using
the nass-57 nagnetic lsotope of iron. The resulcs shos the atomlc detalls of
the heterogeneous nucleatlon of the precipitation process,

I. INTRODUCTION

Iron 1s a connon inpurlty in sÍIlcon crystals. Even when the baslc naterlal
was very pure, the lnpurlty ls easily introduced fron contaoinatlon of wafer
surfaces by processing treatments such as cuÈtlng and covering with etch
rêslsts. Durlng thernal anneal surface impurity atons rapidly penetrate Èhe
bulk of the crystals. Preclpltation of ÍnpurÍtl.es occurs shen the irnpurity
solubllity concentratí-on at high process temperaËures exceeds that of lower,
typical roon, Èenperature, when the nobility at room tenperature of tnpurlty
atons ls still sufflclently high, and when nucleation sltes are provlded [1].
For iron 1n sillcon these three conditions are net and consequently precipita-
tion effects w111 occur. In thls paper lllustrations w111 be glven of the
earlÍest steps in thls process. The next section of che paper wll1 dÍscuss in
some detail the application of electron pararnagnetic resonancê (EPR) co lden-
tlfy the chenical nature of lrnpurity constltuents Ín the centres, theÍr charge
state, and the constralnts on Ëhe synnetry of the geoneÈrlcal arrangements of
atoms and oËher struccural units in the centres. This wlll lead to qulte a
detaÍled understandlng of the structure of iron-Íron palrs, lron-inpurlty
palrs and other snall iron-related aggregates that can be genereted ln the
process of heterogeneous nucleatlon.
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Table I. Iron and lron-related centres in sll1con:
nians of electron paramagnetic resonance spectra
effectlve spin S.

parameËers ln spin-Hanilto-
analysed wich low value of

Spectrum Model Symmetry Spin Prineipal
s81E2

g-values Refe-
83 rence

Feo

Fe+

FeB

NL27

NL28

FeAl(3)

FeGa( 1 )

FeGa(2)

FeGa(3)

FeIn

FeS(I)

FeS(II)
FeS(III)
FeS ( Ivl
PdFe

Pr(II)
A23

A25

A26

A27

A28

NLl9

NL2O

NL2 1

NL22

NL23

NL24

FeFe(2)

NL25

FeFeB ( I )

FeFeB ( 2 )

FeFeB ( 3 )

FeFeB (4 )

r'ï
r"i
( FeiBs ) 

o-palr

( Fe lA1" ) 
o-palr

(FelA1" )o-pair
(FetAls)o-palr
( FeiGas ) 

o-pair

(FeiGas )o-pair
( Fe i Gas ) 

o-pair

(FeiIns)o-pair
Fe 1S s-pair
Fe1S"-palr
Fe 1S"-pair
Fe 1S"-pair
Pd"Fe i-palr
Pt"Fe i-pair
Au"Fei-paÍr
(FePL/v )+-complex
( fePIA) o-conplex

FeBV/Í-complex

FeOV-complex

r.l
(FelFelV) -cottrplex

Fe1Fe1V2-conPlex
'( Fel )4-conplex
Fe1-conplex

( Fe lFe 1 ) 
+-palr

FelFei-palr
Fe1Fe1-complex

FelFelB-conplex

FelFelB-conplex

FelFelB-conplex
FelFelB-conplex

Cubic 1

Cublc 1/2

Trigonal 1/2

Trigonal 1/2

Orthorhonblc-I 1/2

OrthorhombÍc-I 1/2

Trigonal 1/2

Orthorhombic-I 1/2

Orthorhombic-I 1/2

Orchorhombic-I 1/2

Monocllnlc-I 1/2

l{onoclinic-I 1/2

l{onocl inic- I 1/2

l{onoclinic-I 1/2

Trlgonal 1/2

Trlgonal 1/2

Trigonal 1/2

Monoclinlc-I 1/2

Monoclinlc-I 1/2

l,Íonoclinlc-I 1/2

Monocllnlc-I 1/2

Trlgonal 3/2

Trlgonal 1/2

Monocllnic-I 1/2

Trlgonal 4

ïrlcllnic 1/2

l{onoel lnlc- I 1/2

l{onocl lnlc- I 1/2

Orchorhornbic-Il 5/2

l{onoclinlc-I 1/2

Monoclinlc-I 1/2

Orthorhomblc-I 1/2

Orthorhornb ic- I 1/2

2.0699 2.0699 l2l
3.524 3.s24 t3l
4 .OgO4 4 . 0904 t4l
1.138 1.138 t5l
1.236 1.612 tsl
2.51 1.73 t6l
2 .s3O 2.53O t 3 l

0.59 0.69 t6l
3.37 4.65 t6l
3.78 4.4O 1,7 I

2.046 2.010 t8l
2.962 1.938 t8l
2.5O3 1.991 tgl
2.6910 1.9390 t9l
2.0887 2.0887 [10]
2 . 1264 2 .'1264 [ 10 ]

2.1165 2.1165 [11]
2 .467 2.'t53 l12l
2 .056 2 .138 [ 12 ]

1 .96 3 .24 [12]
2 .15 4 . l0 1,121

2.0935 2 .0935 [ l3 ]

6 .235 6 .235 t 13l

1.961 7.38 [13]
2 .068 2 .A68 [ 13 ]

2.809 1.768 [13]
2.06 9.44 [14]
3.50 5.07 [15]
1 .47 0.57 [ 13 ]

2.895 8.899 [16]
2.96 5.46 [15]
4 .',184 7 .902 [ 16 ]

1.94 '1 .73 [15]

2.0699

3 .524

2 .067 6

6.389

5.885

5.36

5 .089

6.19

2.02

2 .07

2 .126

2.015

2.042

1.9564

2.0407

2.0124

2 .0993

2.O93

2 .13'l

4.78

4.20

2.1163

2.059

4. 90

2.075

5 .489

1.15

3.90

2.51

1.472

3 .05

l.8ll
5. 80
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2. MAGNETIC RESONAT.ICE

2. 1 . SYI.{METRY

Ihe sillcon crystal structure, whlch ls ldentical to dlanond, Ís characterized
by its crystallographlc space group. Viewed from a glven slte the crystal w111
be invariant under polnt group operations, speclflc for the slte. For in-
stance, around the substltutional sÍte a 43n point troup synmetry wtlt exlst.
The lncluslon of acomlc or small defects ln the host crystal rnay destroy such
s)mnetry operatlons. In the nosÈ severe case a centre has no syEmetry opera-
tLons aË all by itself. Such a centre, of intrinslc tricllnic sJnnnêtry, when
enbedded Ín sillcon will annul all the crystal syrnetry operatlons, On the
other extreme, a single atom, havíng cublc syÍnnetry, when occupying a substl-
tutional lettlce site will leave all crystal syrímêtry operationlr intact. In
between these extreme cases sÍtuations exis! where the centre cancels part of
the crystal s)rumetries, while leaving others in existence. As a result analy-
sis shows that eight cases can be dlstinguished to all of whtch different
well-deflned groups of synnetry operatlons belong. These are: cubic, trigonal,
tetragonal, orthorhonblc-I, orthorhonblc-Il, rnonocLí.nic-I, nonoclinlc-Il, and
trlcllnlc, roughly in order of decreasing synmetry,
ImpurltÍes with ídentÍcal strucËure can still bê ernbedded in the sillcon
crystal- in differenÈ orientations. The lower the synmetry of the centre it-
self, the higher Ëhe nunber of orientations that are distinguishably dlffer-
ent. For lnstance, e tricllnic cêntrê will have 24 dlfferent orientations.
Propertles whlch are sensitive Èo angular coordinates wlll yleld different
values for each of the 24 orlentations. As an example in magnetic resonance
each of Èhe orientatlons nill Ín general have a di.fferent value of the nagnet-
lc fleld at resonance. This directly establishes an unambiguous relation
between the nunber of observable resonances and the s)mnetry of the centre, in
terms of the 8 systems mentÍoned. fhe different orientations and poslËlons of
a centre can be transforned into each other by the space group of the crystal.
Required by thÍs synmetry, certain relatí.ons w111 exist between the components
of the tênsors descrÍbing the anisoÈropic propertles. Thls leads to orÍenta-
tlonal degeneracy, which Ímplies that for hlgh-synnetry crystallographlc di-
rêctlons of the measuring flelds several orlentstlons give coincldlng results.
In such way, all 8 slnuneÈry cases are characterlzed by typÍcal patterns of
angular dependence. Flgure 1 glves lllustrations of angular variatÍon as
observed ln electron paranagnecÍ.c resonancê for some lron-related centres. The
nagnetlc fleld Ís rotated in the (0ïl) crystal plane fron the [100] to rhe
[011] directÍon. The exarnples include the spectrun NL23 whlch reveals the
lowesÈ possible trlclinic symrnetry for the paranagnetlc centre, and conse-
quently the maxlnum ntrmber of resonances. By inspectlon of the flgures 1 (a) to
I (d) one can also conclude that different syrmetrles are characterlzed by
patterns with different nurnbers of resonances and essentlally different
schenes of coincldences 1n the directions [100], [111] and [0ll]. A sunnary of
erystallographic s)rnmetries as found for iron and lron-related centres in
sllicon is given ln Table I. Obvlously, acomlc nodels to account for the
centres nust be consistent wich these experlmentally established synmetrlês.

2.2. g-VALUES

2.2.r. SPrN S-1/2

Table I also shows the prlncipal values of che g-tensor glvÍng the Zeernan
splltting lnduced by a nagnetic field. Results are based on an analysis of the
observed resonance fleld values lrlth a lowest possibl.e value of the effecttve
spln S. In most, though not Ín all, cases an analysis wÍth S - 1/2 Ls posslble
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Figure '1. Angular delendence of the nagnetic field at resonance, for rotatlon
of E 1n the (0Ïl) plane, for a microwave frequeacy 23 GHz, for: (a) spectrun
NL27 reveaLing trlgonal syruretry, (b) spectnro NL28 of an orthorhonblc-I
centre, (c) spectrum NL24 of a monoclinic-I centre, and (d) spectrum NL23 of a
tricl,lnic centre.
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to match thê experimental data. The sÍrnple spin-Harniltonian to describe the
fine structure of the spectrum is

# - +prË.[.3. (1)

In case of cubic centres the g-tensor reduces to one scalar numerical value:
Et - g2 - t3 * g. For trlgonal centres the axlal s)tmnetry leads to 81 - 91 and
gi - gi - gí. For nonocllnic-I centres the orientaclon angle d, noÉ givèn Ín
c;ble Í, 1Ë to be found ln the orÍglnaL llterature. For the cenÈres for which
resulÈs for S - 1/2 are presenËed 1n table I a satisfactory Eatch between the
experinent and the transition energles from equatlon (1) is obtalned. The
analysis has the adventage of gÍving unique results for the g-tensor elenents.
However, table I shows that ln many cases g-values dtffering substantially
fron g - 2 ate obtained. For centres of low symmetry, which all centres except
f.ï actually have, no signlficant orbital contributions are expêcted. For
spÍn-only nagnetism g t 2 may be considered as unphyslcal. Ihis indicatês thae
the spln doublet in which the nagnetÍc resonance is observed ls not well
separated ln energy fron ocher levels in a nultlplet wlch nore than Ëno
levels. In other words, an analysis with effective spin higher t}l.:rn 1/2 is
more approprÍate.

2.2.2. sPrN S-3/2

In case of hÍgher effective spin several electrons, or holes, must be presenÈ
ln the cêntre, The interactÍon beËween then ls represented by addltlonal terms
in the spin-HamilconÍan. For spin S - 3/2 the HanlltonÍan ls augnented by:

ae : +DGZ 5/4) + E(si sí).

In chÍs expression the first tern represents an axial interaction Èaken along
the z-axis. The last cern gives an orthorhombic contrlbutlon. Effecclve spin
S - 3/2 w111 descrlbe the staËes ln a quartuplet. Basis states are specified
as fmq> - l-3/2>, l-1/2>, l+l/Z> and l+3/2>. operating with the Haniltonian of
equation (2) on Ëhese states will produce a natrlx !,tith êlenenËs <ror' I áf lmg.>
fron which eigenvaLues and eigenstates are derived. Due to the rernainlng
Krarners degeneracy two doublêts of levels are obcalned. The energies e+/_ ate
given by

,+/- - r(D2 + 382)1/Z .

ïhe corresponding eigenstaÈes are

lor> ,' +cosá Ll+3/2> + s inf i I - 1/2> ,

loït - +cosóil-3/2> + sin/il+1/2>,

wlrh

tEóL r (-D + e)/8J3.

On these states the Zeenan effect, glven by equatlon (1), can be applled as a
perturbation. Ttre crystal fleld terms wlll deternine the naJor effect on the
anlsotropy. For sÍnplicity, the Zeenan Í.nteractlon can therefore be taken as
lsotroplc with g-value equal to 2, or at least very close to this value.
Appllcatlon of the nagnetic fleld wlll sptlt the levels of the doublets.
Transitions between the levels, the electron paranagneÈlc resonance, w111 be
observable ln the ground state doublet. At high enough temperatures the higher

(2)

(3)

(aa )

(4b )

(ac )
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fleld, for spln S

function of the
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Flgure 3. Relation between the princlpal values gx, gv and g" of the t-tensor
for spln S - 3/2 and expêrimental data polnts foi seteral tion-related cen-
tres: FeB (r), NL27 ()), NL28 (a), FeAl(3) (v), FeGa(2) (r),
FeIn (l), A27 (A), A28 (V), NLl9 (tr) and NL23 (O).
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lying doublet nay be populated as well and an additional resonance
observable. The g-values of the Zeeman splicclng are given by:

s*- +2 x (-2D + al)/(o2 + tn2f/2,

W - -2t (+2D + 6E)/Q2 + tn2l/2,

sz - +2 t 4D/(D2 * tu2)1/2.

In figure 2 plots are given of these g-values as a function of the dimension-
less parameter E/D, whlch is the ratÍo of orchorhonbic to axlal crystal field.
By elininatlon of E/D a relation can be obcained between the g-values gx, gv
and g.. The resulË is gÍven Ín figure 3. A plot as flgure 3 ls also suitablé
for á dtrect repre,sentatlon of experinental data of principal g-values. In-
cluded in the figure are the results as given in Table I for the centres FeB,
NL27, NL28, FeAl(3), FeGa(2), FeGa(3), FeIn, A27, A28, NLl9, and NL23. From
the good correspondence it Ís concluded that this kind of analysis Ís ade-
quace. Compared to the previous analysis with S - 1/2 Ell.e present analysis has
the advantages thaË: (l) a better fíc of the angular dependence in the experl-
nent and the theory ls obtaÍned, (2) a physically justifiable g-value t - 2

has been used, (3) lnfornation on the crystal fields is obtalned by deterrnina-
tion of E/D, and (4) the real spln corresponding to the nunber of coupled
spÍns is obtained. Apparently the spin S - S/Z ts related to three electron
splns coupled ln parallel. For lron thls actually ls better deqcrÍbed by three
holes in the 3d shell leading to elêctronic confituratlon (3d)'. The corres-
ponding atonÍc conflguration is one positlvely charged inËerstitlal iron atom:
F.i.

is then

(5a)

(sb)

(5c)

(6)

(7 a)

(7b)

(8a)

(8b)

(8c)

2.2.3. SPIN S-5

In jusË the same way as for S r 3/2
treated. Basis states spanning ti.,
l-1/2>, f +1/2>, l+l/2> and l+5/2>.
accounted for by the Hamlltonian

ae - +D(s3 3s/12> + E(sl sí).

EnergÍes and eigenstates again follow fron dlagonalization of the matrix
<nt, | á7 |rs">. In this case the solutlon of the cubic equatlon yields the
enèrgles of the three doublets. The wave funccions are expressed by

the case of effective spin S r 5/2 can be
sexrer are raken as l*s> r l-s/z>, | - 3/.2>,
Interaction between the electron splns is

loi> - aLl+5/2> + bil+',/2> + "il-3/2>,
loïr - "i l- 5/z> + br | -1/2> + cíl+3/2>,

with the coeffÍcÍents a1, b1 and c1 found from the eigenvalue equatlon. In
terrns of the wave functÍon coéfficÍents the g-values are given by

gx - +6b? + 4/5arei + eJZaici,

ry - +6bl + 4J5arc, LJzbici,

sz - +10a! + 2b? 6"?.

Figure 4 shows gx, Ey and g" as a funcËion of E/D. Íhe reLatÍon between the
principal g-valuÊs -ls ÍlluËtrated by figure 5. Data fron the experlnental
determlnatlona, as glven in table I, are plotted ln flgure 5 for the centres
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Figure 4. Prlnclpal values gx, gv and g" of the g-tensor as a functÍon of the
Êatlo E/D of orthorhonblc to 'c'rigónal crlstal field, for spin S - 5/2.

Flgure 5. Relatlon betrreen the prlnclpal values gx, gv and g, of the t-tensor
for spÍn S - 5/2 and experLmental data points foË seíeral iion-related cen-
tres: NL20 (.), NL21 (a), NL24 (v), FeFeB(l) (l) and FeFeB(3) (a).
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NL20, NL2l, NL24, FeFeB(l) and FeFeB(3). Fron the good agreernent the conclu-
sion is drawn chet effectlve spin S - 5/2 Ls the phystcally correct value for
the spin of these centres, Thls spln corresponds to 5 electrons of whlch the
spÍn is parallel as a result of Hunds gule grrferronagnetic exchange eouplÍng.
Such an electronlc configuration [(3d)"(3d)"]" arÍses froh a posltlve palr of
lntersÈitial lron atoms: (Fe1Fe1)+.

ry
An unambiguous vay of dênonstratlng the presencê of an lnpurlty ls the obser-
vatlon of hyperflne lnteractlon due to a nagnetlc Ísotope of the elenent. For
lron the Ísotope nlth rass 57 has nuclear spln I - 1/2, but only a natural
abundance of 2.2f. ltrerefore, in order to obÈaln hyperflne spllt-off llnes
wlth sufflclent lntenslty the use of enrlched naterlal ls nandatory. fn the
spln-Haniltonian Ëhe hyperflne lntersctlon ls accounted for by a tern

,r- 3.t.1 (e)

where the tênsor A gives the strength of the interactlon between electron spin
S and one nuclear spln I. A solutlon valid to first order glves energy changes
Aeffnsnl of Èhe energy levels and a change Aeffnl of the EPR ttansÍtlon
energy. The EPR spectru! w111 consequently be spllt lnto Ëso components corre-
sponding to nI - +1/2 and, -1/2, tespectively. .For an isoÈopic fractlon c each
of the hypeiflne llnes w111 have ÍntensLÈy a/2 conpared to lntenslty l-a of
the central llne from the non-nagnetic isotopes. Such splittlng Ís lllustrated
ln the figures 6(a) and 6(b). In both cases also hyperflne lnteracrlon ls
resolved wÍth a second nagnecic inpurity lsocope rrith 1002 natural abundance.
IS the NL28 spectrun correspondlng to the FeAl-pair the alumlnlun nucleus,t'Al wlth l - 5/2, donlnates Èhe structure (fÍgure 6(a), top). $lqllarly for
spectrru A23 of the AuFe-patr the naJor splltting ts due to the rtlAu nucleus
wlth I - 3/2, as shown Ín figure 6(b), top. Ttre lron nucleus nanÍfests ttself
as a smaller addltlonal splltting of resonance llnes. Obvlously, thls hyper-
fine structure reveals nuch of the details of the conposltlon of the centres,
lítren Eore than one Íron aton forms part of the centre the hyperflnê atructure
becomes oore Ínvolved. For two atons on equivalent sltes, wlth equal hyperflne
lnÈeraction strength, one expects a spllttlng lnto five eguldistant corpo-
nf;nts. For lsotoplc concêntratÍon c the 1nÈgnsltles are predicted to scale as
at/4 ; c(l-c) : (l-a)z+az/2 : c(l-c) : az/4. For an enrÍchnent c - 901 rhe
calculated ratÍ.os are 2O : 9 : 42 z 9 : 2O. Such ratlos are found experÍuen-
tally for several of the centres, as can be verifled for NL21 and NL24 ln the
flgures 6(c) and 6(d). Ttrls provldes the experiraental demonstratlon of the
presence of two lron atons.

3. CONCLUSION

In table I the nagnetlc resonance spectra whlch have been denonstratêd to
correspond to lron-related centres ln slllcon aÍe llstêd. A ferr of these
sPectra nay arlse fron exclted statê doublets for which another spectrun ts
related to the ground state. rn spite of thls possible anbtguiry, a foruldable
nunber of suall Íron-related centres has been identlfled. Ttrc hyperflne
structure, elther due to naturally present lsotopes or as a result of lntên-
tlonal doplng, provldes clear evldence on the presênce of lnpuritles ln the
centres. An analysls of 6-values glves eonfirEetlon on the nunber of Lron
atons ln the centre and deternlnes the nunber of electrona prêscnt, hence the
charge state of the centre. Finally, the interactloÍr tênsors reveal the syuc-
try of the geonetrlcal arrangenent ln which the constituents of the cêntrà cen
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Flgure 6. Line shapes of. electron paramagnetlc resonance spectra showÍng
hyperfine slfucture due to nagneÈic^iópurlty nuclei: (a) spectrun NL28 of an
FeAl-paÍr t]1r", t-1/2,2 and 901; 't41, t-S/2, lOOz), (b) specrrun A23 of rhe
AuFe-pair (t'F., T-112,2 and 90I; tttAw, I-3/2, l0oz), (c) specrrum NL2l of
8n (Fet)A;conplex.("Fe, f-1/2, 902), and (d) spectrum NL24 of an (Fe1)2-
conplex-(t/Fe, I-1/2, 2 and 851).
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(a)

Figure 7. Atomlc models for some of the lron-related centres: (a) trigonal
FeAl-pair frorn spectrurn NL27, (b) orchorhonbic FeAl-pair fron spectnrn NL28,
(c) monoclinlc-I FeFe-pair fron spectrum NL24, and (d) Èrigonal (Fe1)4-cluster
frorn spectrurn NL22.
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occupy sites in the slllcon crystal. Together these facts derÍved from the
magnetic resonance data put sêvere constralnts on the atomlc nodels for the
centres underlying the spectra. llany of the nodels as glven in table I can
therefore be consldered as qulte reliable, some of the nodels are however nore
tentatÍve ln theÍr detalled structure. Flgure 7 provldes an lllustration of
nodels wlth varylng nr.rnber or iron aÈoms or other lnpurltles, and of varlous
slzrnnetrles. These patrs and conplexes arê the lnltlal stegês ln the process of
lron preclpltaclon. For nore detalls of several other propertles of the cen-
tres, such as their fornatlon klnetlcs and thelr anneal, the orlgtnal lltera-
ture should be consulted.
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