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ABSTRAC Ï

More than 30 years ago lc was discovered thac n- È1rpe
electrical conductivity can be produced in silleon crys-
tals by heaÈ treatment. Early experiments showed that the
process of donor fornaÈlon ls related to the presence of
oxygen lmpurltles. I'he preclse nature and propertles of
the donor centres remained unclear for a long tlme. A
cremendous research effort, malnly experimental but also
Ëheoretical, has been spent on this process of donor
formaclon. Ttre present paper revlews Èhe studles of ther-
mally-lnduced donors by electrlcal reslstivlty measure-
ments, opcical absorptlon, electron parámagnetlc reso-
nance, and electron nuclear double resonance. Tlia lcair,
physlcal propertles and detalled structural lnfornatlon
on the thermal donors are revealed by these experiments.

1. INTRODUCÏION

As early as 1954 tt rras dlscovered that heat treaÈment

Ëernperatures in the 400-500 o6 range of silLcon crystals can

2trt

Èo modest

produce,

or enhance, n-type electrlcal conductl.viÈy ln these crystals. The added

conduction band electron concentratlon can exceed lol6 p.r ."3. This,
obviously lmportent, phenonenon has since been studÍed ln detall rlth
the aln of learning the preclse physical propertles and atouic nature
of the responslble donor centres. Both expertr"trg"ll-34) and theo-
asg1g6135-42) uethods of study heve been eoployed, che former sofar
belng Èhe Eore reveallng. l.lle experluental studles have included all
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rêlevanc Èechnlques, such as electrical reslstivÍryl-4), optlcal ab-

sorptlon5-11), electron parrnagnettc resonancel2-19), eleccron nuclear
double resonance20-25), Hall effect26-27), deep level Ëransient spec-

cro".opy28-30), photo thernal lonlsation spêctroscopy3l-34), etc. Ex-

periments and results of the flrst four nethods w111 be reviewed in
this paper. On the basls of the resulÈs a detailed knowledge of the
propertles end structure of the thernal donor centres w111 be obtained.

2. ELECÍRTCAL RESISTIVITY

The creation of thernal donors is most easily nonitored by Èhe

room-temperature electrical conductivity of the silicon samples. Ttre

thernal donors bind the electron in shallow ground states which are

ionised ac room temperature. On carrying out a heat treatnent the
concentration of elecÈrons in the conducËion band will increase.
Startlng fron p-type sllicon, a p- to n-Cjrpe conversion can take place.
It was found Ín the early experíments that the fornatlon of che thernal
donors is related Ëo Ëhe prêsence of oxygen as an lnpurity 1n the
sÍlicon crystals. Ihe production of thennal donors ls observed without
exception to occur in Czochralski silicon, pulled fron che nelt ln a

quartz crucLble. Ihese sllicon crystals are known Ëo contain up to
2x1018 oxygen atoms per 

"r3. 
O., the other hand, in float zoned silicon,

contalning about 1015 oxygen ators p"r cu3, thermal donor formatlon 1s

not observable. A typical dependence upon heat-treatmênt cine of the

added eLectron concentration is shown ln figure l. The thernal donor

ro ro2 ro3
ANNEALING TIME IN HOURS

Flgure 1 . Increase ln electron concentraÈlon resulting
ar 450 o6 of Czochralski slllcon (after Ref . 4) .
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fornatlon ls most readily observed in the 400 to 500 oc tenPeraturê

range. A maximum thernal donor concentratlon is reached in tines var-
ying fron nÍnutes to several hundreds of hours, dependlng on the condl-
tions of the sanple and the heet treatment, For the anneal teDperatute

T - 450 oC the fl. ures 2 and 3 show the dependence on oxygen concentra-

tion of the tnlttal donor formatlon ratê and thelr naxinun concencre-

cion, respectlvely. Ttre straight llnes in these plots lndlcate t)rylcal
3rd and 4th order power dependences. On the basis of thesê results the

early nodel for the thernal donors involved the reaction 4O1 . (Of)4.

Ihe only approxinate valldity of the power lans and the decrease of
thernal donor concencratlon upon prolongation of che heet-treatm€nt
tine, seê figure 1, however, lndlcate that the whole phenonenon of
thernal donor fornation related to oxygen clustering will be Dore

conplex than Just this only reacÈlon. Heat creatDent et temperatures

above 500 oC destroys the thernal donor centres.

roe3L

NUMeE; oF oxYGEN ortï, (cu'r; 
"io?,

Flgure 2. Ttre inltlal raÈe of thernal donor formatlon Ín sllÍcon as ê

funcclon of the intersticial oxygen concentration, anneallng te[pera-
cure 450 oC (after Ref. 4).
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FÍgure 3. The maximum concenÈration of chernal donors in silicon as a
functlon of the interstitlal oxygen concentratlon, anneallng tempera-
eure 450 oC (after Ref. 4).

3. OPTICAL ABSORPTION

Opcical absorpEion spectra in the near-lnfrared related to the

presence of thernal donors ln sllicon are shown in the figures 4 and 5.

Several inporcant concluslons can be drawn from these results. The

absorptlons are understood as excltatlons fron the ground state to
excltation levels ln a hydrogenic serles, well described by che effec-
live-mass cheory. For che neutral thernal donors, as shown ln figure 4,

nine separate serles are distinguished. Ttrey correspond to different
species of Ëhernal donors. The ground state energy of each specles

depends, through the centrel-cell correctlon, on the precise structure
of the thernal donor core. The ground sÈate binding energles aÍe
slíghtly different for the nine specles which are ldentlfied by the
infrared absorpÈion. Flgure 4 glves the absorptlon spectra neasured

after l, I and 72 hours of heat treatnenc at 450 oC, respectlvely. It
Ís seen that upon prolongatlon of the heat Ëreatment the species slth
the Eore shallow donor characËer devêIop to hlgher relatlve lntensity.
For sultable condltlons of doplng and temperature the thernal donors

can exlst ln the positlvely charged lonised state. A second serles of
effectlve-nass atetes and transltlons ls then observable, ag shown ln

l.
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figure 5. The electron is bound ln the double charge of the donor core

nlch blndlng energles near 150 DeV. Since Èhese levels are also Íon-
ised at room tenpereture, the thernal donors act as double donors.

Values for the donor binding energles, for the flrst and second lonlsa-
tion levels, are given in Table I.

600 sso 5oo Lso t ao 3so '^'l 3oo

WAVE NUM BERS

Figure 4. Absorption spectra for nlne different specÍes of neutral
thernal donors TDo ln sillcon; heat-treatment tlne at 450 oC a; I hour,
b) 8 hours, c) 72 hours (after Ref. 8)
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Table I. First and
speeles in sili-con,

second ionisation
from Ref. 7 .

energi.es , in meV, of thermal donor

Species A

TDo*TD+ 69. I
1p+*1p2+ 1 56. 3

64.4 62.1 60. 1

144.2 138,s 133.1
59.0 56 .2 54.3 52.9

128.s 124 121 118
66.7
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Flgure 5. Absorption spectra of flve different species of slngly lon-
ised thernal donors TD+ Ín sillcon, observable after l0 ninutes heat
creatmenÈ at 77O oC, followedby 2 hours at 450 oC (after Ref. 8).
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4. ELECTRON PAILIU{./\GNETIC RESONAI'ICE

Slnce the charge state of thernal donors can be changed by

regulating che fernl level, on may expecË that thermal donors can be

nade co exist as paramagnetlc entÍtles. }!.agneclc resonance studles,
which cen yield detalled strucËural lnfornation, are then feasible.
About Èen years ago electron paramagnetic rêsonance (EPR) sPectra

related to thernal donors ln sillcon were reported. Anong the various

-spectre Ínltially reported, two \rere found to be flrnly asgoclatêd rtith
thernal donors. Ihese crro spectra are 1abelled NL8 and NLlo. In flgure
6 the resonances are shown for three directions of the nagneEic field.
Íhe effectlve g-values of the rêsonances are close co thaÈ for conduc-

tion band electrons, as usual for eleclrons bound to shallow donors.

átt [nr]

826 830 826 830 826
FIE LD ( mT)

830
MAGNETIC

Figure 6. Electron paranagnetlc resonance spectra obserwed in alunl.-
nium-doped Czochralskt slllcon after 40 hours heat treatnent at 470 oC,

showlng the slmultaneous presence of speccra NI3 and NLl0.
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Table II. Pfincipal g-values gl ( [ [
and g3 ( ll [011]) of the spectra NL8
after short and long heat-treatment

1001), sz (t[011])
and NLl0 obsenred
time.

Spec trr-rm g l E2 g3 h-t tlme

NL8

NLl O

1.99991
1.99991
1.99959
1 .99982

1 .99323
1 .99412
1 .99747
1 .99799

2 .0009 1 short
2.00068 long
1 .99957 short
I .99946 long

Sone suall anlsotropy ls observable ln both spectra. The full angular

variaclon is shown in figure 7 for the sp€ctra NL8 and NL10, Ttre

spectra can be analysed wlth the slnplest Zeenan Hanlltonlan n-pgÊ.[,3,
with êlectron spin S-1/2. Principal values of the g-tensor resultlng
fron such analysis are glven in Table II. Íhe prlnclpal dlrectÍons of
the tensor are [l00], t0lll ana [01t], for prlnclpal values 91, g2 and

83, respectively. These prlncipal directions classlfy the speetra as

belonging to a centre wlÈh orthorhonblc-I synnetry. Thls symetry ls
atso unamblguously reflected 1n the angular dependence patËêrns given

in figure 7. The only crystallographic polnt group In thts class is 2nn

(c2v), which has a 2-fo1d axls along [00] and two independent nlrror-
planes perpendlcular to [011] and [Oïl]. Any structural nodel for the

thennal donors nust be conslstent wlth the symêtry establlshed by

magnetlc resonance.

The varlation of the resonance flelds of spectfa NL8 and NLIO as a

functlon of heat-treatment tlne, as shown ln flgure 7, and of the

related g:values as shown ln Table II, represent an unusual phenonenon.

More details of the process for the NL8 spectrun are given ln figure 8.

Upon prolongatlon of Èhe heat treetnent the cêntrea become gradually
morê isotroplc. Fron the Lnfrared neasuremencs it ls knosn that thernal
donors exlst ln the forn of several dlstlnct but very sinllar specl.es.

As a functlon of heat-treatnent tlne the relative abundances of the

separate species change. In the electron paramagnetlc rêsonence the
contrlbutions fron dlstlnct specles are unfortunately not resolved. The

neasured resonance ls the superpos-ltlon of a1l co[ponents. Ttre change

with tine refleccs the shtft ln relatlve lntensltlês of these coulro-
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Flgure 7. Resonance flelds as a functlon of the dlrectlon of the
nagnetlc fleld tn the (Oïl)-plane for rhê specËra NL8 and NLlo. Ttrlck
solÍd llnes represent obsenratl.ons after a shorË heaË-treatnent tlne;
thin llnes glve the less-anlsotroplc patËern obsenred after long heat-
Èreatnent tlnes. llicrorvave frequency 23 GHz.
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Figure 8. Separation AB of the Ëwo resonances for Ênltttl for spectrum
NL8 as a function of the heat-treatment time in oxygen*diffused float-
zorle and Czochralski silicon of varlous accepÈor doplngs. Microwave
frequency 23 GHz (after Ref. l8).

nents. Apparently the laÈêr species, which are'observed as the nore

shallow ones in che infrared, have a nore lsotropic character as ob-

served ln the negnetlc resonance. Figure 8 shows that for equal heat-
treatment tiues Czochralski sillcon ls in a later stage of thernal
donor development than oxygen-diffused float-zone slllcon. Thls nay be

related Èo the higher oxygen concentration in Ëhe forner naterial. For

the NL10 cencre sinilar observat.lons were made.

Resulls on production of the resonance spectra are shown ln flgure 9

for p-type boron and aluniniun doped, Czochralskl and oxygen-diff,used
floaÈ-zone silicon. It is concluded that thê nature of the acceptor has

an effect on the productlon. On the other hand, the spectra NLB and

NLIO observed ln these sanples show no differences. One may conclude
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that the accepcor irnpurity is only indirectly involved in the foruatlon
of thermal donors, or thaË lhe resonance sPectrum fails to reveal the

presence of acceptors ln tshe thenoal donor structure. Systenatic pro-

duction studies, as shown 1n figure 9 for boron and alumlnlum, have

also included the acceptors galllura and indÍun, and the donor phos-

phorus.

Usually inpurities forning constltuents of centres rnanlfesc themselves

by hyperfÍne structure in the spectra. For the spectruE NL8 Èhe search

for hyperfine scructure and the negaÈlve result is shown in fÍgure 10.

The p-type boron doped sanple was prepared by diffusing oxygen enriched

to 2.21 in the magnetic isotope l7O. With the avallable signal quality
and isoÈopic abundances hyperfine interactions with oxygen (l7O), car-
ton (13c), boron 1103 "tr6 

113; and nany transition elenents are expec-

Èêd to be clearly above the noise level. The absence of hyperflne
scrucÈure indicates the absence of chese lnpurities or a weak Ínter-
action scrength. Since oxygen is firnly believed to be present ln the

thermal donor one nust conclude Èhat the linewidch of the electron
paramagnetic resonance obscures the hyperfine strucÈure.

'I
I:-___--l__l

810 g1 2 81e 8i6 g1g

Figure 10. Paranagnetic resonance spectrul NL8 for intfgQl, observed in
p(B) slllcon, dlffused nith oxygen, 2.2t of isotope l/O. The trace
recorded with 250x increased gain does not reveal any hyperfinê struc-
ture (after Ref. 13).
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5. ELECTRON NUCLEAR DOUBLE RESONAI.ICE

Itith the inabillty of electron paranagnêtlc resonance to reveal

the expected oxygen hyperflne structure the need for enhanced resolu-
tion is apparent. Electron nuclear double resonance (ENDOR) can offer
an iuprovenent by typica).ly three orders of nagnlcude. Sanples nere

prepared by diff,uslng oxygen., enrlched ln the nagnetic isotope l7o,

Ínto float-zone silicon. A speclal têchnique, using a quad-elliptical
infrared heatlng furnace, allowlng the controtrled introduction of oxy-

gen lnto floaÈ-zone slllcon undêr vêry clean condltlons, was developed

for thls purpose. Dlffusion of oxygen 1s carrled out at a sanple teE-

peraÈure just below the neltlng polnt for a duration of typlcally 14

days. Íhe uniforn lntroduction lnto 2 nn thick samples of about +x1017

oxygen atoms per cn3, wich about 30Í of the 17O lsotope, was positively
verlfled by lon-tetrperaÈure high-resolution measurenenc of the vibra-
cional absorption in the 9 pn band.

In such samples electron nuclear double rêsonance due Èo the oxyg,en

nucleus was observed for the spectra NL8 and NLl0. For both spectra the

electron spin . is S-1/2; Èhe nuclear spin of the oxygên lsotope is
f-5/2. The nuclear transltions as observed ln ENDOR, trlth the selectlon
rules Áng-O, Àn1d1, are represented ln the level dlagran figure ll. A

total of ten transitions will be possÍble for each nucleus. An angular

plot of ENDOR transitlon frequencies observed for nagnetlc fleld ln the

(0J1)-plane is shonn in figure 12. The result was obtalned for che NLl0

thernal donor and. on an EPR resonance corresponding to a single defect
orienÈetlon. For a general angle in the (Oïl)-plane 20 transitlons
werê neasured. Ttrls nuober lndlcates that thê transltLons erlsê fron
two or four dlfferent oxyBên nuclel. The fulI results, lncludlng ENDOR

.observed on othér defeet orlentacions, indlcate that tt'o oxyten atols
are preaent. For the hlgh-slrnnetry dirêctlons [100] and [011] transi-
tlons colnclde as a result of existlng synllctry. This conflrne that the

Erro oxygen atons are on sites related by synnetry operatlons of the

centre. Speclflcally, for the 2m syrnctry of the NIJ and NLl0 centree

thls lnplles that the oxygen atons occupy sites on a nlrrorplane of the
'defect. Several other angular depêndent paÈtêrns of ENDOR frequencles

uere observed, wlth ldentlcal.fêetures of synetry. Ttrls shorg that



252

ts

t ,r,

,V,
tV,
tl.

.L
c ltí, í:/2

I

ur,

-3't2

_ ,rr.

t,
íá

,2

, -lz

8 -lz

t -1, -",

ro ,z ,z

rt -L ,2
t2 ,i, ,z

tr,

,2

-s 9.tr FBB mouBI.N' N
ts -1 Aatt -,' o.r,

Figure l'1. SchenaËic dlagran (not to scale) of the energy levels of a
syscen with electron spin S-1/2 and nuclear spín T-5/2. Electron spin
cransitions wlch Ang-tl are observed ln EPR; nuilear spin transitions
with Àn1-11, labelled NMR, are observed in ENDOR.

other pairs of oxygen atons are present, also in shells of sites on Ëhe

same nirrorplane of the centres. The quantitative analysis of the ENDOR

results uses the powerful concepÈ of the spin Hanlltonlan. For the spin
sysÈem S-1/2 arrd Í-5/2, the required tenns lnclude electron Zeenan

interactlon psÉ.Ë.3, nuclear Zeenan l-nteractlon gttugË.ï, hyperftne
interactton 3.i.ï and electrlc quadrupole Lnteractio" i.d.ï. wlth the

eí-genvalues of the Haniltonlan the observed transition frequencles can

be natched nÍthln the experinental error of typlcally I kIIz. The ele-
ments of the coupllng censors are thereby deterElÍred with great preci-
sion. Fron the nuclear g-value the identlty of the lnpurlÈy Ínvolved
follows unanbiguously. ïhls leads to the naJor concluslon of the pres-

ence of oxygen as consciÊuent of the NIJ and NL10 cêntres. Ttre hyper-

fine interactlon tensors are very nearly lsotropÍc and correspond Èo a
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low spln denslty. Thts ls conslscent wlth the extended character of the

wave function of the shallow bound electron. The anisocroPy as seen ln
figure 12 is nainly due to the quadrupole interaction. Since the

unpalred spin density is 1or, the quadrupole effect nust arise from

valence charge redistrlbutlon. Analysis shows Èhat the observed tensorg

are conslstent nlth the nornal sites of lnterstitlal oxygen, 1n a bond-

centered plane, dlsplaced from the axis.
The oxygen ENDOR is found aË frequencies near, and roughly s)mêtrlcal
above and below the nuclear Zeeman frequency of the 17o lsotope. But

also aË much higher frequencies ENDOR was observed on the NLIO Para-
magnetic resonance spectrun. The angular dependence of one Pattern ls
given 1n figure 13. ïhe Ëen branches ln the pattern correspond to the

transitions within the lewels of a slngle nucleus with spin l-5/2. WíEt.

the spin Hanilconlan analysls Èhe nucleus is ldentlfied through lts
nuclear g-factor as the nass-27 lsotope of alunÍnlurn. The position of
the altrminium aton ls on the 2-fold axis of the NL10 centre. Very

surprislngly for aluminium nuclei also ENDOR frequency paEterns were

neasured of Ëhe same s)rnmetry type as for oxygen. Stralghcfoníard
Ínterpretation would inply the presence of two alunlnlun nuclei ln the

centre. Since such conclusion ls hard to accept, a careful exanlnatlon
of this ENDOR was carried out by the field stepped ENDOR nethod. In
field stêpped ENDOR, scans through the NMR transition are nade for
several values of the magnetic field near the centre of che EPR line.
This resulcs ln a nagnetic field deternination of the nagnetic reso-
nance with optinum resolutlon. Results of such Eeasurements for wo

relatsed aluroiniun ENDOR llnes are summarlsed ln figure 14. It ls ob-

served that the ENDOR llnes result fron two magnetic resonances whlch

are different by about 0.04 nT. The resonance branch, which ln regular
EPR appears as one llne, Ís actually conposed of two separete rèsonance

fields. The splÍtting inplles a nonocllnlc-I synnetry of the pattern
and thus of the corresponding cenËre. The degree of dlstortlon of Èhe

thernal donors frou orthorhoublc cowards the lower nonoclinic qrunetry
í.s snall and remains unobservable in the regular electron paramagnette

resonance spectruD. The true s)rmèCry of soue of the centrês is however

monocllnÍc-I, crystallographic polnÈ group u. Thls synnetry allows Èhe
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NLlo orientatÍon (after Ref. 25).
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Figure-14. Illuscration of the fleld scepped ENDOR nethod, applied to
two ztAL ENDoR transiÈions of one loop and srilDe nagneclc fleld
direction, as shosn in the rlght panels. Results on Ëhe left show the
magnetlc field dependence of the ENDOR signal. Fleld Br"* is che centre
of che EPR llne (after Ref. 25).

thernal donors to grow by accepting oxygen atons one-by-one on the

nirroplane n. Such a mechanisn ellninates the need for the rmlikely
sltuaÈion of thernal donors existing with even numbers of oxygen atons

only and growing by addition of oxygen atoms in paÍrs.
lhe nechod of field sÈepped ENDOR was applled systenatlcally to find
the besË nagnetic resonance field for observation of the ENDOR llnes.
Figure 15 illustrates sone results. For exarple, in thls flgure it is
demonstrated that the ENDOR transition labeled I belongs to a coEponent

in the EPR with higher field than the central fleld Bnax, whereas

transition I 1s assocÍ.ated with a lorr fleld component. In thÍs nay the
ENDOR lines can be related to the conponents of the EPR llne. Ttre

resolution eÍrhanceEent of field stepped ENDOR Just allows to accomplLsh

the sorting of tensors into groups. The conponents in the EPR hawe e
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Figure-l5. Illustretlon of, the fleld scepped ENDOR nethod, applled to
eight l/O EnDOn transitlons. Results show the different nagnetlc field
values for best observation of the ENDOR, allowÍng the deconposltion of
the EPR lnËo conponents bêlonglng to separate specles (after Ref. 25).

correspondence ïith the exlsting specles of thernal donors. Ttre corre-
lation of ENDOR with conponents Ln the EPR thus corresponds to assl.gn-

!0ent of hyperftne and quadrupole tensors frou shells of nuclei to lhe
distinct species of the thernal donors.
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CONCLUSION

Probably the trost astonlshlng concluslon is that ln eplte of the

trenêndous research effor! stlll no atonic uodel is establlshed eccoun-

tlng ln an lndisputable way for the observations on the fornatLon and

propertles of the thernal donors. (hrer the yeers Deny proposals were

puc 6ot 
"a643-51). 

Host of the nodels are of orthorhorbic Eymetry to
conply ulth the conclusions of electron paranagnetlc resonance studles.
Recent high-resolutÍon neasureEents by the fleld stepped ENDOR nethod,

as discussed ln the prevlous paragraph, have shown that the s1rmetry

consÈral-nt for the NLlo centre can be relaxed to monocllnlc.

il 00t

lot0t-

oxygen

atuminum il
Figure 16. A structural model
aluniniun and two oxygen atoÍns

for an NLIO centre
(after Ref . 25) .

incorporating one

o
o
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A nodel conslstent wlth the presently avallable sËructurêl lnfornatlon
for the NLIO centre ls presented in flgure 16. Thts baslc sÈructure has

an alunlnlun atom on the [100] cuo-fold axls of the centre and trro

oxygen.atoDa on the (011)-p1ane. The observatlon of the NL10 spectnm
ln slllcon doped with acceptors boron, gallÍun or lndlun, horever,
proves that alunlniun can not be a cruclal constituênt of the cêntrê.
The foruatlon of the lacer specles proceeds by the edditlon of single
oxygen atons ln the (Oll)-plane. The s)ranetry nay then altêrnate be-
trreen orthorhonblc and nonocllnlc.
Several espêcts are still open for further verlflcatlon. Aoong these

are the confirnation of a vacancy in the centre and the shallow donor

characÈer of the proposed structure. Further í.mprovêEent of the reso-
lucion ln nagnetic resonance would also be extrenely useful Èo esta-
blish the detalls ln che structure of lhese inportant oxygen clusters.
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