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Abstract

In recent years research by magnetic resonance has contributed substantially to the understanding of
hydrogen and hydrogen-related centres in crystalline silicon. As usual for magnetic resonance,

which was applied in its varieties of electron paramagnetic resonance (EPR) and electron-nuclear

double resoÍlÍulce (ENDOR), in several cases profound insight into the microscopic structure of
centres has been the result of the studies. This includes atomic structure by identifying the chemical

nature of impurity atoms and the symmetry oftheir geometrical arrangement within in the defect, as

well as electronic structure by mapping of the defect-electron wave function. In this paper, research

will be reviewed on centres which after hydrogen interaction are in a paramagnetic state. Hydrogen

in its pure configuration of an isolated neutral atom on a bond-centred position in trigonal symmetry

as the prototype of hydrogen centres, is described first. Shallow thermal donor centres formed at

elevated temperature, similar to, but distinctly different tom the more familiar oxygen-related

thermal donors, are considered next. Several intrinsic lattice defects and impurities remain in a
paramagnetic state, in cases when interaction with hydrogen does not lead to full passivation.

Recent research on hydrogen binding on dangling bonds in mono- or multi-vacancies has resulted in

the observation and understanding of several fundamental defect structures. Double donors, such as

the thermal double donor and the substitutional chalcogen atoms sulphur an seleniunq have been

found to bind one hydrogen atom on several distinct positions remaining electrically active.

Hydrogen interaction with impurities with deep electronic levels, more diffrcult to describe

theoretically, has also been observed. In this category transition elements from the iron, palladium

and platinum groups are the examples which are considered. In an appendix the spectroscopic

parameters of 32 magnetic resonance spectra with relation to hydrogen are summarised.
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1. Introduction

Over the last twenty years the importance of hydrogen as a beneficial or detrimental impurity in

semiconductors, in particular in silico4 has been recognised. Due to its small size and the open

lattice of the diamond structure, the hydrogen atom or ion can easily penetrate the bulk of the

material. The activation energy for migration is only 0.48 eV, which is among the lowest for
impurities in silicon [, 2]. Hydrogen can easily intentionally be introduced by difhrsion 11,3, 4f,
implantation Í5 - 71, hydrogen plasma treatment [8], wet chemical etching [9, l0] or by boiling in
water I l , l 2]. Inadvertently, hydrogen is presenl, often unknowrL as an impurity introduced during

process steps in device manufacturing. Due to its halÊfilled ls electronic shell the hydrogen atom

has a high reactivity. A second electron can be accommodated in this shell with low energy. As a

result hydrogen binds easily and strongly to defects with broken bonds or other centres which offer

single valence electrons. For most centres, intrinsic lattice defects or chemical impurities, with
shallow or deep electronic levels, this condition holds. For this reason hydrogen is involved in a rich
variety of defect interactions. As these interactions may change the electronic properties of the

material, in a stable or easily reversible fashion, this behaviour of hydrogen is of utmost relevance

for materials applications. The passivation of shallow acceptors [3 - 15] and donors [6] is one of
the more spectacular effects of hydrogen presence. Another most important application is the

passivation of dangling bonds with the elimination of their associated electron traps or
recombination centres in amorphous material, used, e.g., in solar cell production. Strongly

motivated by the relevance for materials science, the more fundamental studies of the atomic and

electronic structures of hydrogen-related centres have witnessed intensive activity since around

1985. As important as the passivation process may be for the materials properties, the direct

observation of passivated products is by definition diffrcult. Passivated defects do not have

electronic levels in the semiconductor band gap and are diamagnetic. The stable hydrogen molecule

maybe is the most striking forrn of hydrogen presence to easily escape detection. For this reason

several of the powerful experimental techniques for defect study fail. An outstanding technique for
defect characterisation as electron paramagnetic resonance, requiring centres with non-zero spin,

suffers from the handicap that passivated centres are not detectable. Nevertheless, in several cases

the passivation by hydrogen bonding is not complete. For instance, this will happen for larger

defects, such as multi-vacancies and interstitial complexes. In the category of double donors and

acceptors the binding of one hydrogen atom may lead to partial passivation, with the possible

consequence of the conversion of a double dopant into a single dopant. For transition elements with
in many cases a high value of electron spin, the binding of a hydrogen atom will not render them

diamagnetic. Even, as an opposite effect, the binding ofhydrogen can activate a centre, such as the

iso-electronic impuritycarbon 19, l7l. Altogether, avast field for fruitful studies is still left open.

As a result, continued efforts with magnetic resonance over the last 15 years have seen a number of
successful investigations. In this report a review is giverg sometimes brief, of the main results

obtained. Materials properties and phenomena related to hydrogen in semiconductors aÍe covered

by several review papers and books; a list ofsuch publications is included in the section references.
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2. Isolated hydrogen

No doubt, the most prominent magnetic resonance spectrum related to hydrogen in silicon is

spectrum Si-AA9 [8, l9]. The spectrum was produced both in float-zoned and Czochralski-grown

silicon by hydrogen implantation in the energy range of 7-30 MeV in a spatially homogeneous

distribution, at the temperature of 80 K. Samples received a thermal anneal at 195 K for 40 minutes.

Illumination of the sample is required for observation of the spectrum. It has been identified as

arising from a single neutral hydrogen atom on the bond-centred position between two silicon

atoms. In Fig. I a typical EPR spectrum is shown. It was recorded in a spectrometer operating at the

microwave frequency of 37.47 GHz, with the magnetic field parallel to a <100> crystal direction, at

the temperature of 77 K. A most important feature in the spectrum is the splitting of the main line in

two components of equal intensity. The structure is due to the hyperfine interaction with one

nucleus of spin I : l/2 and abundance of 100%o, which must be identifred as hydrogen. This

constitutes the first direct evidence in an EPR spectrum of hydrogen presence. Certainly this

observation in the Si-AA9 spectrum has been important stimulation for further application of
magnetic resonance in the study of hydrogenation effects in silicon. Replacing the hydrogen atom

by deuterium the number of hyperfine structwe lines increases to three, but the splitting almost

collapses [7]. This is consistent with the nuclear spin 1= I of the deuteron and its smaller nuclear g

factor, i.e., gígp= 0.15, providing confirmation of the hydrogen involvement. In the spectrum also

hyperfine interaction with 2esi nuclei of the host crystal is discernible. The positions of these

resonances are indicated in Fig. l. Their intensity is near 5Yo of the main line, which, given the

4.7oÁ abtndance of the 'nsi isotope and its nuclear spin /: l/2, implies that two silicon atoms are

present in the centre on symmetry-equivalent sites. Measuring the angular variation of the

resoÍrance fields, patterns revealing the trigonal symmetry for the EPR centre are obtained, for the

fine structure of the electronrc Zeenvn effect as well as for the hyperfine interactions with hydrogen

and silicon. This leads to the defect model as one hydrogen atom on a bond-centred position,

midway between two nearest-neighbour silicon atoms. In this Hsc model the hydrogen atom

occupies a site with inversion symmetry. The crystallographic point-group symmetry is thus

established as 3 m.

For the quantitative analysis of the spectroscopic information the spin Halíiltonian

H - pBB.ge.,S + à[- @rllj)bl: + S.AïIj]

is appropriate, with index j indicating the magnetic nucleus (proton p, deuteron d, silicon 2osi, or

muon p). Principal values ofthe tensors, parallel and perpendicular to the threefold rotation axis,

are given in table I and in the Appendix. Substantial support to the model follows from studies of
the anomalous muonium atonL Mu* or p*e-, in silicoru which forms an analogue of the neutral

hydrogen on the bond-centred site. On one hand, the muon can be considered as a light isotope,

Ínass mp = 207.769m", of hydrogen with zeo : 1837.15m.; on the other hand, as a lepton, it has gu :

(l)
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Fig. l. Electron paramagnetic resonance spectrum of the Si-AA9 centre observed in hydrogen-

implanted silicon. Observation conditions: sample illumination, teÍnperature 77 K, magnelic field

parallel to <100>, microwave frequency 37.47 GHz. (a) Hyperfine interactions with rH and 2esi are

indicated by the arrows, (b) hyperfine structure in deuterium-implanted silicon. After Gorelkinskii

and Nevinnyi [9].



Solid State Phenomena Vols. 85-Bo 357

Table 1. Hyperfine parameters, from EPR and pSR experiments and from spin-density functional

theory, for the centre (Hss)o and anomalous muoniurn, Mu*, together with coeffrcients rf , ê nd

f fromLCAO analysis.

Centre Nucleus At
(MHz)

Atob
(MHz) (MHz) (MHz)

Ê Method Referencet

(H".)o

Mu*

Mu*

tH

Mu

Mu

4.2 -31.4 -23.0 8.4

-16.82 -92.59 47.33 25.26

9.6 -57.3 -35 22.3

0.24 0.095 0.90s

0.23 0.099 0.901

0.22 0.09 0.91

EPR 7

psR 20

theory 2l

EPR 7

pSR 22

theory 2l

(H".)0 'nsi -139.0 -72.9 -94.9 -22.0
Mu* tnsi 

-137 .5 -73.96 -95.1 -21.2
Mu* tnsi -rzï 43.5 -85 --21.5

2.0016 = 2. The muon spin rotation (pSR) method allows the determination of the hyperfine

interactions with muon and silicon nuclei [20, 22]. Results, included in table l, directly show that

the hyperfine interactions with the 2eSi neighbow nuclei are almost identical in Mu* and (Hgc)0. On

comparing the hyperfine interactions with the proton in (Hsc)o and the muon in Mu* one frnds aulao

: 2.93 and b*lbo = 3.01. This matches quite well with the ratio of the magnetic moments of muon

and proton: N n : @t /m*)/@/mp) : 3.17 .It may be concluded from these EPR results on the Si-

AA9 centre and the data for Mu* obtained by pSR that the structures of the two centres aÍe

equivalent. Also included in table I are theoretical data based on first-principles calculations of the

hyperfine interactions [21]. The agreement with data from experiment is satisfactory and in

particular the signs of the interactions, positive or negative, are given by the theory, allowing

adjustment of experimental results.

To these hyperfine coupling strengths the usual analysis based on a wave furrction constructed

as a linear combination of atomic orbitals (LCAO) can be applied. With restriction to the hydrogen

atom and its two neighbouring silicon atoms the wave function is given by

V= ryrr(asps"+ fripnp) + rysi(dsiíxÉs,1 +pslghrp,r)* rTsi(asi{hi:sl+ higxizpz), (2)

with wave functions on the atoms normalised by aiz + Á' : t. The isotropic parts a and anisotropic
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parts ó ofthe hyperfine interactions are related to the s- and p'type wave functions, respectively, by

oi : QI3)p ogeltegnltnry:' a:'lqr(ri:0)I2

and

b j : (2 I 5)(pl 4n) g"ltsgnltnrt:' Á' o :ttt.

For the two silicon atoms the analysis is straightforward. With a : -94.9 MHz and b : -22.0 MHz,

and using the atomic parameters lgs,r,(-O)lt = 31.5x1030 m-3 and oroo-" = l6.lxl030 m' 1231,

one obtains rlsi2 = 0.24, dsi2 : 0.095 ard Bs;2 = 0.905. Considerable spin density is thus localised on

the two nearest-neighbour silicon atoms in orbitals of strong p-t1pe nature. Analysis of the

hyperfine interaction with the hydrogen nucleus is more complex, as is immediately obvious from

the negative sign of the isotropic parameter a, opposite to the sign of á, which is at variance with

Eqs (3) and (a). Appreciable admixture of hydrogen p orbitals, as included in Eq. (2), is highly

unlikely as the corresponding states are high in energy. In Eq. (2) one must lwve fu = 0. The

anisotropy in the hyperfine interaction is induced by remote spin density, in particular that on the

silicon neighbour atoms. Accepting a point spin-density distribution on these two atoms, the

anisotropy parameter á can be calculated from the equation

b - (rc/ 4n) g"ltygpltnrl siz R-3

With the calculated r7s12 :0.24 on each atom and the observed b = 8.4 MHz the required distance

between hydrogen atom and silicon neighbour is found as R : 0.165 nm. In the rigid lattice the

hydrogen inserted on the BC site is at the distance of0.ll8 nm from the silicon neighbours. The

slightly increased value found for the distance is consistent with the established outward relaxation

of the silicon atoms, theoretically calculated as being 0.041 nm [24] or 0.045 nm [25] and here

experimentally determined as 0.047 nnr, and the enhanced p-t1pe character of the orbital. In this

descripion the spin density is localised on the silicon atoms without a lobe pointing preferentially

inwards towards the hydrogen atom. Such an assumption is consistent with the anti-bonding nature

as regards the silicon orbitals. A one-electron LCAO diagrarn, as given by Figs 2(a,b), shows the

hydrogen atom on the site of the inversion centre. The orbital belongs to the aru ineducible

representation in the point group 3 rn For the hydrogen an isotropic hyperfine interaction with a : -
23lvÍtrrlz is measured. In the LCAO analysis, using the Bqs (2) and (3) and ignoring the problem of
the minus sigrl this results in (r71|.' = 0.016. Although the calculated localisation is small, it is

inconsistent with the aru syrnmetry type of the orbital carrying the unpaired spin requiring a node at

the hydrogen site. A solution towards this problem is provided by considering all t}ree electrons in

the system. In the more-electron description the ground state has wave function y: (a'1u)*(a'41

(a1u)*, where superscrips + and - irulicate the two spin states, a'4: fcpu + QIDN2@sir + osiz)]/

(3)

(4)

(5)
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1t + Í1tD and aru = (ttD"lZ@su - osiz). Spin density on the hydrogen atom arises from polarisation

of the electrons in the ls core states. In a second mechanisnr, spin density can follow from

configuration interaction with excited states. Within the LCAO model three excited states with the

alu syÍnmetry have wave functions (o',e)*(o",e)-(aru)*, (a'lJ1a"rJ*(o,u)* and (a"1)*(c",J(a,u)*,

with a"1* : [2%r" - (ttD'lz@"ir + osa)](l + Í)to.Energies, as indicated in Fig. 2(c), of the first

two states are equal to fust order, but the level is split by correlation effects. Their different

admixture into the ground state leads to spin density on the hydrogen atoÍÍL

Several other important features ofthe single hydrogen centre in silicon have been studied by

magnetic resorurnce. This includes defect alignment induced by uniaxial stress and thermal

relaxation [26], isochronal thermal annealing in dark conditions of (Hss)* in the temperature range

lg0-220 K and of the Si-AA9 spectrum of (Hss)o under illumination between 110 and 130 K [9,
27 - 2gl, the stable positions oflf and If on the bond-centred site versus the position ofll on the

tetrahedral interstitial site 124,30, 3l], together with the negative-U character of the donor and

acceptoÍ levels rendering the neutral charge state unstable f25, 32,33]. For further discussion,

reference is made to the literature [7].

3. Hydrogen-related donor centre

It has been frequently observed that shallow donor centres in silicon are created by irradiation when

hydrogen is present. The presence ofhydrogen can either be a hydrogen atmosphere, gas or plasm4

during a paÍicle irradiation, such as neutrons, or the direct hydrogen implantation. In the latter

situation, typical conditions are proton implantation at Íoom temperature in the energy range of
several MeV, followed by thermal anneal in the range of 300 to 500 oC for some tens of minutes.

Up to the implantation dose of l0r7 IVcm2 the donor formation was found to be proportional to dose

[7]. The donor centres are localised near the end of the range of the implanted particles where most

of the lattice damage is created [34]. They are formed in float-zoned silicon and also, but to lower

concentration, in crucible-grown silicon. Implantation of deuterons also generates the donor centres,

but following helium implantation under similar conditions they are not observed [34,35]. Guided

by these experimental facts one tends to conclude that hydrogen is an essential constituent ofthe
donor centres, whereas other impurities, in particular oxygerl are not involved. This is suggestive

for the formation of donors which are some complex of intrinsic crystal defects together with

hydrogen. Thermal anneal above 600 "C destroys the donor centres. Donors formed under these

conditions were observed by electrical conductivity [36], Hall effect [37], photo-thermal ionisation

spectroscopy (PTIS) [38, 39] and by electron paramagnetic resoruulce f7,19,341. Analysis ofthe
Hall effect data reveals two donor levels, a shallow one at 35 meV and a deeper one at 160 meV

below the conduction band [37]. By PTIS actually three shallow levels, HD4, HD5 and HD6, close

together in energy were reported [39]. In EPR two centres related to the donors were observed. One

of these, labelled HSD, is an isotropic resonance, when measured at X-band frequencies, consisting
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of a single line without any resolved structure and with the g value g: 1.9987 U9, 341. However,

when recorded in K band, at the microwave frequency 23 GHz, with magnetic field B // <100>, the

HSD resonance, as shown in Fig. 5, is split into two components with a 2:l intensity ratio [7]. This

demonstrates a slight anisotropy ofthe HSD resonance, which happens to be equal both in average

g value and in the splitting to the reported g tensor of the oxygen-related orthorhombic spectrum Si-

NLl0 [40]. Resonance HSD has been described as arising from free conduction electrons attributed

to ionisation of hydrogen-associated shallow donors (HSD). Observation of the spectrum requires

temperatures above 30 K. At lower teÍnperature the resonance disappears indicating a donor which

is diamagnetic, S: 0, in the neutral state [9]. The HSD resonance is more typically observed after

higher temperature annealing. For shorter anneal times or at lower temperatures a spectrum labelled

Si-AAl is observed. The two resonÍrnces represent the two mernbers of a defect bistability system

136, 371. A reversible conversion related to an atomic rearrangement pr,cess between the two

structures can take place where the AAI centre is formed when equilibrating the system at lower

anneal temperatures around 100 oC and the isotropic HSD resonance prevails after high-temperature

treatment near 300'C [9]. The AAI resonance is described by a single electron spin S = ll2 and

has no discernible hyperflrne structure. From the angular variation of the resonance fields the

symmetry is established as orthorhombic-I. Illumination is required for the observation indicating

that the centre is observed under ionised conditions. It is interpreted as arising from the positive

charge state of a hydrogen-related double donor, labelled HDD-. The parameters of the Si-AAl

resonance demonstrate a close similarity with the Si-NL8 spectrum arising from ionised oxygen-

related thermal double donors (TDD.). Both spectra belong to S : l/2 centres with the

orthorhombic-I symmetry, point group Czn, and the principal values of the g tensor are nearly equal

[40 - 421. Fig. 3 demonstrates this similarity. Both centrps are formed as heat-treatment centres in

the 30G450 oC temperature range and are related to double donors with similar first and second

ionisation energies. Other evidence, however, indicates clear differences between the two centres.

Production conditions are centre specific, NL8 requiring the presence of oxygen, AA1 requiring

hydrogen. For the NL8 spectrum a series of defects with gradually decreasing donor ionisation

energy with prolongation of the heat-treatment time exists, supported by unambiguous evidence

from infrared optical absorption and magnetic resorumce. For the AAI spectrum no such sepaÍate

components were distinguished in the EPR at Q-band frequencies near 37 GlIz. More recently it

was found that the two centres undergo a quite different alignment effect under conditions of
externally applied stress [42, 43]. Their piezo-elastic tensors have a different sign for particular

stress directions indicating that the two centres create different strains in the lattice. Also the

relaxation after removal of the stress towards random alignment of defect orientations gives very

different time constants. From Fig. 4 it can be noted that the AAI centre reorients much faster than

NL8. Nevertheless, the striking parallel between the hydrogen-related centres AAI and HSD on one

hand, and the oxygen-related NL8 and NL10 centres on the other hand, requires further

clarification. Final atomic models for the centres HSD and AAI are not available. The suggestion of

a self-interstitial complex as a core to which either hydrogen or oxygen is attached has frequently
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been made and provides a basis for understanding observed phenomena.

Upon thermal annealing of the samples at higher temperatures, in the range 350-550 oC, the

intensity of the HSD signal decreases considerably. At the same time, a spectrum labelled Si-NLsl

becomes observable. A spectrum recorded in K band, under conditions where both HSD and NL5l

exist, is shown in Fig. 5. Identical spectra are produced by hydrogen and deuterium implantation.

No structure due to hyperfine interaction is visible. Spectrum Si-NLsl has been observed both at X-

band and K-band frequencies [44]. From the analysis it is concluded that its electron spin S: I and

a zero-field splitting term S.D.S is included in the spin Hamiltonian. As the spectrum is only

observed under illumination of the sample by band-gap light it may arise from an excited triplet

state ofa neutral double donor. The angular dependence ofresonance fields reveals the tetragonal

symmetry forthe defect, withgTlrool :2.0071and grlrool --2.0007. One of the few other centres in

silicon with tetragonal symmetry, the neutron-irradiation defect Si-B3 [45], is simultaneously

present. This is suggestive for a similar structure of the NL51 and 83 centres. The latter one has

been identified as a <10O>-split silicon diinterstitial in the positive charge state [46].

Several other EPR spectra have been observed after hydrogen implantation and thermal anneal.

In Fig. 6 an overview is given of the temperatuÍe ranges of stability of these centres [9]. Their EPR
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paÍameters are summarised in the Appendix. Spectrum Si-AA10, corresponding to a centre of
monoclinic symmetry is created in Czocltalski silicon" and disappears around 180 K in l5-minutes

isochronal anneal [8]. Spectrum S1 is prominently present after room-temperature hydrogen

implantation. Observation under the high resolution of Q-band EPR revealed that spectrum Sl has

components of trigonal and monoclinic symmetry [19]. The spectrum has recently been investigated

in detail as will be discussed in the neÉ section. Following anneal at higher ternperatures the

spectra AA2 and AA3, both from centres with the low triclinic symmetry, appear f19,47,48]. They

correspond to centres of a more complex structure; for AA2 the model of a multi-vacancy cluster

with a trapped hydrogen has been proposed. Most ofthese centres have not been thoroughly studied

yet and consequently their modelling is far from estólished. Except for spectrum Sl, in none of
these spectra the presence ofhydrogen is directly demonstrated by resolved hyperfine interactions

with proton or deuteron. The conclusion towards hydrogen involvement in these centres is based on

the more circumstantial evidence of production conditions. Although this may seem to form a
weaker basis, it should be noted that the mentioned spectra are consistently observed when

hydrogen or deuterium is implanted and are absent following implantation or irradiation with other

particles. Hydrogen appeaÍs to be an essential requisite for formation.
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Fig. 6. The temperature ranges of stability of hydrogen-related EPR centres in proton-implanted

silicon. After Gorelkinskii and Nevinnyi [l9].

4. Hydrogen-vacancy centres

As early as 1967 the Sl EPR spectrum was observed, following 3 MeV proton irradiation at room

temperature and absent after neutron inadiation, for which production conditions required the

presence of hydrogen Í5, 49, 50]. The production was proportional to implantation dose. The

spectrum corresponds to centres produced along the proton track with increasing density towards

the end ofthe particle range. In a lO-minutes isochronal anneal study the centres annealed out at

temperatures in the range 200-300 oC. Spin-Hamiltonian parameters for the <l 1l> a;<ial defect are

S : l/2, grr:2.0010, 91 : 2.0103. In the higher resolution offered by Q-band EPR it was later

discovered that the Sl centre actually is composed of several components, up to 5 in Czochralski

silicon" with either the trigonal or the monoclinic-I symmetry U9, 5l]. Only recently the centres

were unambiguously identified as hydrogen related and their structure was umavelled in great

detail. In this more recent literature the components of the S I group of spectra are now labelled as

VIf, Sl" and Slu 16,521. Another spectrur& Si-B2, is very similar to Si-Sl. Both spectra belong to

S : ll2 centres with the trigonal symmetry, have equal g tensors within errsr limits, and equal

temperaturos for loss of spectra by thermal anneal, near 300 'C. It has therefore often be assumed



366 Defect lnteraction and Clustering in Semiconductors

that the two spectra are in fact identical. It is, however, to be noted that in the original paper the

spectrum B2 has been observed after N* and P* implantation [53] and in a later independent

dedicated study also as the result of He*, B*, C* and N* implantation and neutron irradiation [5a]. In

this latter case any specific evidence for hydrogen presence was absent. This should leave open the

possibility ttr;tBz and Sl are different, maybe quite similar, centres with accidentally the same

characterisation parameters. As another option, in view of the established frequent presence of
hydrogen in nominally pure silicon crystals, the possibility that samples were unintentionally

contaminated with hydrogen is open as well.

Production conditions and features of the spectra led to their identification as vacancy-type

defects with hydrogen saturating a dangling bond [9]. In the most recent Íesearch the detailed

models for the Sl centres were established. Spectrum Vtf is related to a mono-vacancy with one of
its four dangling bonds saturated by a hydrogen atom. The centre undergoes a Jahn-Teller distortion

resulting in monoclinic-I symmetry, point group C11, or ng as observed at low temperatures, below

45 K. In this case the presence ofthe one hydrogen atom is established by just resolved hyperfine

interaction. The deuterium hyperfrne splitting, which will be around 6.5 times smaller, remains

unobservable as it is smaller than the line width. In agreement with the model a strong hyperfine

interaction is present with a unique silicon atorn, isotope "Si. At higher temperatures a motional

effect sets in related to electron switching between bonds, resulting in an apparent trigonal

symmetry of the centre, as observed when measuring the spectrum above 110 K. The transition in

the temperature range of interest is illustrated in Fig. 7 by spectrataken for B ll <lll>. The low-

temperature monoclinic spectrum has the lines labelled A, B and C. The C line corresponds to

centres with their Si-H axis parallel to the magnetic field direction. Their position does not change

when the electron hops between the dangling or extended bonds of the other three silicon atoms.

Lines A and B correspond to defect orientations which are inequivalent with respect to the magnetic

freld. With fast bond switching present, the resonance field will move to the weighted average of
the original frozen positions. This will be at position AB : (2A + B)/3. The process can be followed

in Fig. 7 for the temperatures spanning the range 45 to 225 K in which the transition takes place.

The activation energy for the electron jump process is determined as ts : 0.06 eV. Such a value is

equal to the one measured for the same process in the phosphorus--vacancy complex (E centre) with

its EPR spectrum Si-G8 [23]. This agrees with expectations as the atomic and electronic structure

models for VHo and VPo have much in common. Spin-Hamiltonian parameters of the V}f centre

are given in the Appendix.

In the same way as discussed for the AA9 centre, an LCAO analysis will yield a mapping of the

electron spin distribution. For the single silicon atonr, with the observed hyperfine principal values

At: 435 MIIz and At = --275 MHz, corresponding with isotropic value a : (Ail + 2Al3 = -328
MHz and anisotropic part b = (Att- AL)/3: -53 MHz, one obtains, using Eqs (3) and ($, rf :0.60,

Ê = O.tZ arÁ Ê = 0.87. A comparison with the corresponding numbers for the VPo centre,

rf : O.Se, ê = O:q and Ê :0.86 [23], confirms the close similarity of the two defects. From the

large s-type hyperfine interaction on the silicon atom one concludes that the wave function has the
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Fig. 7: Spectrum of VHo at different sample temperatures illustrating the transition from the low-

temperature monoclinic-I structure at T : 45 K to the motionally averaged trigonal symmetry at Z:
145 K. At T=225 Kthe Sl resonances Sl" and Slu dominate the spectrurn Microwave frequency

34.778 GHz, magnetic field B // Ulll. After BechNielse& eÍ al.1521.

A, symmetry type. The very small isotropic part of the hyperfine interaction with the hydrogen

atoÍÍ\ q: 0.2MHz, indicated that no s-type spin density is located on the hydrogen. In contrast to

the similar situation for centre AA9 one car! however, not conclude that the hydrogen is located on

a mirror plane with a node for the wave function. The low spin density is the result of the strong Si-

H bond accommodating two electrons with opposite spin. As before for the AA9 centre, the LCAO

analysis does not include anisotropic orbitals on the hydrogen site. The anisotropic part of the

hyperfine interaction, b = (- A - Az + U3y6 = 4.15 MHz, has to arise from distant spin density.

The unpaired spin on the unique silicon atom can fully account for this interaction fot rf :1 and À

= 0.27 nv With a Si-H bond length of 0.148 nm this fits perfectly in an undistorted vacancy model

where this distance is 0.28 nm. In a di-vacancy model the distance in the undistorted lattice aÍnounts

to 0.47 nrq which is far too big. It confirms the compact model of a mono-vacancy centre. Taking

rf = 0.60, following the result of the silicon LCAO analysis, the required distance to the silicon

atom with the dangling bond becomes 0.22 nm. This shorter distance can oorïespond to inward

distoÍion of the unique silicon atom.
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Two more spectra belonging to the Sl group of spectra were observed following proton

implantation at temperatures below 130 K. The two spectr4 labelled Sln and Slu, are single-

electron centres with S = l/2, correspond to centres with monoclinic-I, near trigonal, symmetry. The

spin-Hamiltonian parameters, as given in the Appendix, are very similar to those of VIf. They are

therefore interpreted as multi-vacancy centres in which hydrogen binds to a dangling bond. The

main spin density is in another dangling bond of the vacancy structure. Only for Slo a hydrogen

hyperfine structure due to one proton is observable in the spectra; for 516 such structure is absent.

The isotropic part of this hyperfine interaction, a : 2.3 MHz, is again very small, indicating low

spin density on the hydrogen atom. The anisotropic part, b = 0.77 MHz, is explained by remote

interaction with spin density on the dangling bond, which, using Eq. (5), should be at a distance À =

0.47 nm. This fits perfectly with the geometry of a hydrogen in an undistorted di-vacancy. The Slu

defect is therefore identified as a VzH centre in the paramagnetic neutral state. Fop 516 the model of
a tri-vacancy centre with hydrogen, (VrH)o, is proposed" with the tetra-vacane! centre (VaII)0 as a

possible alternative. In these larger centres, with R : 0.65 nm and R = 0.84 nnU respectively, the

distant hyperfine interaction would be too small to give observable splitting it the Slu speatrum.

Siliconhyperfine interactions were measured for several shells of the (VH)o, Sln and 516 centres.

They allowed a detailed Ínapping of the electron spin density in the defect and showed great

similarity between the three centres, as reflected in the modelling. Both centres Sln and 516 anneal

out at temperatures around 250 oC. Motional effects, as reported for (VH)o, are not observed for the

S1" and Slb centres.

Given the strength of the Si-H bond one Ínay expect that vacancy centres with their several

dangling bonds, if umeconstructed, can accommodate more than one hydrogen. Such expectations

based on simple chemical bonding arguments are corroborated by modem self-consistent theoretical

calculations for the mono-vacancy, which predict stability of VH" complexes, with n : | - 4 [571.

Experimental evidence for such centres is based on local vibrational mode spectroscopy [58, 59]

and on optical detection of magnetic resonance (ODMR) [55]. In the latter study hydrogen

/deuterium plasma-treated silicon was electron inadiated. A magnetic resonance spectrum labelled

IIVH, was observed corresponding to an orthorhombic-I centre with electron spin ^S: l. This is

associated with a (VHz)0 centre; which due to complete painng of electron spins is diamagnetic in

its ground state. The excited spin triplet state is formed by the illumination inherent in the ODNfi.

method. Hydrogen hyperfine interaction is not resolved but is manifest in the line shape of
hydrogenated samples, which is absent in the case of deuteration. Parameters of the spin-

Hamiltonian analysis are given in table 2 and in the Appendix. Applying the standard LCAO

analysis, the spin density on the hydrogen is found to be a mere 0.9Vo; it is low, as usual, reflecting

the full occupation of the Si-H bonds. The experimentally observed S: I triplet state is formed by

spins mainly residing on the silicon bond formed by the two non-passivated atoms opposite to the

hydrogen atoms in the vacancy; one finds the localisation rt' :0.68 for the two atoms together.

Inspection of table 2 shows the near coincidence of the parameters for the IIVH and SLI spectr4

the latter spectrum corresponding to the oxygerFvacancy complex (A centre), which is also
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Table 2. Parameters of the Si-HVH and Si-SLl spectr4 ascribed to the orthorhombic-I centres

ryHr)o and OV*, respectively, observed in an excited spin triplet state with S = I [55, 56].

Hyperfine interactions I are for the 2esi isotope of two silicon neighbour atoms.

Spectrum Model Principal values coupling tensors Unit

Si.HVH (VHt)o

Si-SL1 ov*

$1t,0,01 - 2.002

D1r,o,ol - -348
Ant,l,ll : 220

g1t,o,o1 - 2.0076

DJr,o,ol - -350
Auu,l,ll : 216

g[o,l,l] : 2.005

D1o,r,rl : -302
Aut,r,ll : ll4

g[o,l,l] : 2.0102

Dp,t,ll : -307
Aqt,l,rl : ll2

glo,-l,ll : 2.002

D1o,-t,ll : 650 lvftIz
MHz

glo,-l,ll : 2.0058

D1o,-t,ll: 657 MHz

lvffIz

observed in an excited 
^S 

: I state [56]. In both centres two of the vacancy dangling bonds are

saturated, by either two hydrogen atoms or one orygen atom, the spin resides on an extended bond

formed between the two remaining silicon atoms of the vacancy. In view of this similarity in the

electronic structure of the VHz and VO centres such a close correspondence of parameters follows
reasonable expectations. It builds on the similarity as observed for the ryHf anO (VP)o centres, as

discussed earlier [52]. On the proper interpretation of the Si-HVH ODMR spectrum contradicting

opinions have been expressed 160 - 621.

In oxygen-ric[ Czochralski, silicon" the most prominent inadiation defect is the vacancy-

oxygen centre, often referred to as the A centre. Its structure can be viewed as the single lattice

vacancy in which one extended bond is replaced by an Si-O-Si unit in the (0,1,1) plane, while still
an elongated bond is formed between the two remaining nearest-neighbour silicon atoms in the

perpendicular (0,-1,1) plane. Hydrogen can break this latter bond, bind to one of the dangling
bonds, leaving an unpaired spin on the other. The spectrum of this neutral VOH centre has been

reported [63]. At temperatures below 180 K it was found to correspond to a stable monoclinic-I

configuration of the defect. At higher temperatures, above 240 I! hydrogen jumps rapidly between

two equivalent sites in the (0,-l,l) minor plane of the defect resulting in a motionally averaged

spectrum of the orthorhombic-I symmetry. The motional effect is conceptually similar to that of the

vacancy in its pure forrq as observed in the V}f spectruÍq but is more restricted due to the

existence of the Si-O-Si bond which stabilises the (0,1,1) miror plane. Hyperfine interaction with
the hydrogen atom has the small isotropic value a = 4.7 lfrlz, indicating a nearly vanishing

electron-spin density on the proton. From the anisotropic part of the hyperfine interaction, b = 5.2
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Fig. 8. Microscopic structure of the VOH complex, showing the position of the hydrogen atom

(black) and the dangling bond in the (0,-l,l) mirror plane. The oxygen atom (hatched) is bonded to

the two remaining nearest-neighbour silicon atoms in the (0,1,1) plane. After Johannesen, eÍ a/.

t631.

MHz, the distance between hydrogen nuclear spin and electron is calculated as R : 0.25 nm,

consistent with vacancy dimensions. An observed hydrogen/deuterium isotope effect confirms the

defect model as illustrated in Fig. 8.

5. Hydrogen-thermal donor complexes

Research on thermal donors has a long history startlng with the discovery in the year 1954 that

resistivity changes are induced in quartz-crucible-grown silicon by heat treatment to modest

temperatures [6a]. In subsequent research the centres were studied intensively by several

experimental methods, among them electrical resistivity [65, 66], Hall effect [67, 68], infrared

optical absorption f69,701, photoluminescence [7], 72f, deep-level transient spectroscopy 173,747
and magnetic resonance [75, 761. This has resulted in a vast amount of data on the properties of
these intriguing defects, adding to their detailed understanding L771. A first repoÍ on the

observation of heat-featment centres by magnetic resonance appeared in 1978 [40]. In this and

following papers it was shown that by heat treatment in the thermal donor formation range two

distinct paramagnetic centres are formed. Their EPR spectra were labelled Si-NL8 and Si-NLl0.
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Although distinctly different spectra belonging to centres with different structures, the two centres

have much in common as demonstrated by the experimental observations. On the issue of similarity

following facts can be listed.

. Both centres are formed by heat treatment in a temperature range typically from 400 to 500 'C
in times varying from several hours to hundreds of hours. Though production kinetics are quite

similar, NL8 tends to be formed in the earlier heat-treatment stages, whereas NLl0 appears later

[78]. The centres are lost by anneal above 500 oC.

. Both centres are observed in EPR as paramagnetic centres with a single unpaired electron spin

S = l/2. In the EPR spectra no hyperfine structure is discemible. The parameters of the spin

Hamiltonian for spectrum NLl0 are given in the Appendix.
. Although the spectra do not show a large anisotropy, their angular dependence could be

measured to good accuracy in a K-band EPR spectrometer. Patterns corresponding to the

orthorhombicJ symmetry were observed for both NL8 and NLl0 [40,79]. The centres thus possess

a C2v point-group symmetry implying a structure with a twofold symmetry axis and two

perpendicular (011) minor planes. In later papers a symmetry lowering towards monoclinic-I and

triclinic has been reported [75, 80]. Nevertheless, the main symmetry character of the two centres

remains close to orthorhombic. Corrections, which escape standard EPR resolutiorl are required in

final defect modelling.
. Both spectra have g-tensor components close to, but somewhat smaller than the free-electron g

value g : 2.0023. In an empirical classification both defects fall in the category of shallow donors,

without broken bonds, and not involving any transition metal [8], 82].
. A rare feature of the g tensors of both NL8 and NLl0 spectra is their dependence on the time of
heat treatment 178, 79]. Upon extending the duration of the heat treatment the tensors gradually

change towards more isotropic character. The effect for the NLl0 defect is illustrated in Fig. 9,

where the separation of the two resonances for the Ill] direction of magnetic field is taken as a

measure of anisotropy [80].
. The above-mentioned phenomenon ofthe g shifting is related to the existence of several species

of the NL8 and NLl0 $oups. For the NL8 spectrum the family of species was directly observed in

the optical absorption spectra of the related donor centres [69, 70]. The same species character

applies for the NLIO defects. In EPR in the common X- and K-band frequencies the difference

between g values of species is too small to be resolved. The development of discrete later species is

observed as a continuous change ofan average value. It has required the high resolution ofhigh-
frequency EPR to resolve individual species. Such experiments were repoÍed recently [83]. A
result comparing spectra recorded at the K-band frequency 23 GHz and at 349 GHz is given as Fig.

10.

. The required pÍesence of oxygen for formation of NL8 and NL10 centres was commonly

assumed from the earliest days because of production conditions, either requiring Czochralski

silicon or silicon containing oxygen otherwise. This fact could be verified unambiguously by the

observation of ENDOR of the r7O isotope in the NL8 and NLl0 spectra [84, 85]. From analysis of
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Fig. 9: Illustration of the g shift of EPR spectrum Si-NLl0 observed in (a) crucible-grown and in

(b) oxygen-diftrsed float-zoned p-type silicon with different acceptor doping. The magnetic-field

difference between the two resonances for the [ll] field direction is plotted as a function of the

heat-treatment time at 470'C. AB values as given for NLIO, NLl3 and NLIT are from Ref. 40.

the ENDOR data it was concluded that two oxygen atoms form the core of the heat-treatment

centres [84]. They occupy the regular bond-centred sites, all in one (01 l) plane. The defect grows

by addition of oxygen atoms, one by one, lowering the actual symmetry of some species to

monoclinic-I.
. By measuring the ENDOR of the 2eSi isotope the wave function of the defect electron could be

mapped for both NL8 and NLl0. In an LCAO analysis of these results the localisations of the defect

electron were determined to be small at many sites around the core [85, 86]. The wave functions

have an extended character, even more for NL10 than for NL8; the result is typical for an electron

bound in a shallow level.

. For both oxygen and silicon atoms on the (0 I I ) planes a considerable s{ype density, is found by

10

HT time (h)
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Fig. 10. EPR spectra Si-NLlO of a Cz-Si:Al sample after anneal at 470 oC for 200 [ observed (a) in
K-band spectroscopy at 23 GHz and (b) at 349 GHz. Magnetic field B // Í0lll; resonances are

labelled by U5, Ul and U6. For the high-frequency/high-field scan the resolved U6 components due

to individual species are given the labels of their associated Al- ENDOR tensors.

the analysis. Without symmetry-forbidden planes the full A1-t1pe symmetry in orthorhombic

approximation is deduced for the ground state [82].
In spite ofthese similarities the NL8 and NLIO defects are different. Whereas the NLS speatrum

could be assigned to the ionised state of the well-established thermal double donor [87], i.e., TDD+,

the identification of NLl0 remains more difficult and puzzling. For the formation of the NL8
spectrum ofthe thermal double donor no impurities besides oxygen are required. In contrast, the

NLIO spectrum does not uniquely belong to a single defect; rather, several defects with a different
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structure do give NLIO resonances which ar€ not distinguished in the EPR experiments. Such a

complex situation has been clear from the outset when the role of aluminium doping was

investigated. It was found that in the case of aluminium acceptor doping the formation of NLl0
centres was enhanced considerably over that for other acceptors [78]. Consistent with this evidence

aluminium ENDOR was observed on the NLl0 spectrum [80, 88]. For the aluminium atom specific

well-defined sites within the NLl0 defect were concluded, for instance, an Al atom can take a

position on the twofold defect axis. In an apparent contrast to this structure model, also NLl0
spectra were observed in silicon certainly free of the required amount of aluminium doping or

contamination. Hence, there must be alternative ways, maybe due to other impwities, of forming

the structures yielding NLl0 spectra. Specific investigations have shown that boron acceptors do

not act like aluminium; ENDOR of the B impurity was absent in the NLl0 spectra [89]. Oxygen-

related donors, referred to as TD, ND and DD, are formed by heat treatment of n-type silicon; the

slightly anisotropic g tensors of these defects as measured in the X band are in the NLl0 range [90

- 921. Extensive investigations were made on the formation of shallow donor centres by

complexing of oxygen, nitrogen and carbon in silicon. These centres were observed in EPR with g

tensors very similar or equal within error limits to the g tensor of NLl0. On this basis it has been

proposed that NLl0 centres with Cz, symmetry actually arise from nitrogen-oxygen complexes,

known as D(N,O) [93 - 95]. Attempts to observe an associated nitrogen hyperfine interaction on the

spectra have so far been unsuccessful Í95 -971. An isotropic spectrur& withg = l.999,labelled

NL10* and possibly identical to centres earlier labelled NLl5 or NLl8, is also reported to develop

in these materials [95]. Recently, EPR signals were detected in hydrogenated Czochralski silicon

after irradiation and thermal annealing corresponding to shallow donor centres named Dl-D3. The

principal values of the isotropic spectrum TUI of donor Dl and of odhorhombic donor D2 are close

to the NLIO values [98, 99]. In view of the participation of impurities in the NLl0 defect hydrogen

has to be considered as a prominent candidate. In the presence ofhydrogen an accelerated formation

of thermal donors was observed [100]. This was explained in theoretical studies as due to a

considerable lowering of the activation energy for diffusion of oxygen through silicon when

assisted by hydrogen [101]. As another manifestation of the hydrogen affinity to thermal donors

their passivation by hydrogen has been observed [02], though the complexes were not stable up to

the NL10 formation teÍnperatures [74]. Confirming expectations hydrogen presence in the NLIO

heat-treatment centre could be established by ENDOR measurements [75, 97]. Results illustrating

two different methods to identiff the impurity are given in Fig. 11. In the field shift method, Fig.

I l(a), the ENDOR frequency is measured at a few values of the magnetic field. In the high-field

approximation, expected to be valid in the present case, the shift is given by the spin Hamiltonian as

dvldB = g#ulh, allowing the gn value of the magnetic nucleus to be determined. For the

measurement as illustrated one obtains dvldB = 42.6 lvftIdl,leading to g. : 5.59. This result

identifies the nucleus as hydrogen. In this field-shift method the nucleus producing the ENDOR

effect can be identified on the basis of a single line. Fig. ll(b) illustrates the symmetric

displacement of ENDOR transitions below and above the nuclear Zeenan frequency v2= g{y/h.
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Fig. 11. ENDOR observed in Cz-Si:Al after 470 "C/55 h heat treatment. (a) Shift of an ENDOR

frequency with magnetic field, with linear fitting functiorL (b) ENDOR lines close to the nuclear

Zneman frequency of hydrogen showing mirror-symmetry.

For the present case of measurements performed in a K-band spectrometer, the magnetic field of
EPR observation is near 800 mT, with a nuclear frequency v2 around 35 MHz. The mirror-like

symmetry of resonances with respect to yz follows the spin-Hamiltonian solution áv =
hvz+ (l/z)Aem, with l"n the effective value of hyperfine interaction in the particular magnetic field

direction.

Inrotating the magnetic field from a [100] to a [011] direction in a (0ll) plane a complete

angular dependence pattern as given by Fig. 12(a) is obtained [75, 103]. Following its analysis all

spin-Hamiltonian parameters are determined. This again has unambiguously identified the hydrogen

nucleus as the impurity involved in this NLIO ENDOR. The patterns displayed in Fig. 12(a) as

preliminary fits to experimental data are based on hyperfine interaction tensors with the low triclinic
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Fig. 12. Angular dependence patterns of SiNLl0 ENDOR. (a) Hydrogen ENDOR observed in Cz-

Si:P sample after 470'C/64 h heat treatment. Two triclinic hyperfure interaction tensors, Gl and

G2, identified. (b) Deuterium ENDOR observed in Cz-Si:In sample after 470 oC/42 h heat

treatment.

symmetry. They demonstrate a position of the hydrogen atom at a general site with respect to the

defect core, not on one of its mirror planes, effectively reducing the defect symmetry to triclinic.

There is only one hydrogen atom in each species. Analysing the hyperfure interaction in terms of an

s orbital on the hydrogen atoÍÍl in the usual LCAO scheme, a low spin density is found on the

hydrogen. As in other cases of hydrogen centres the bond is almost fully occupied by two electrons

with opposite spin. For an NLIO spectrum observed in a deuterated sample one expects the

hydrogen hyperfine frequencies to be scaled down by the ratio of the nuclear moments, i.e., by the

fbctor G")n/(g")u = 0.15. It is seeq however, in Fig. l2(b) that the observed ENDOR pattern has a

much larger angular variation and, besides, shows a rather different symmetry [75, 104]. Actually

for the deutero4 with its nuclear spin 1 : 1, the angular dependence is dominated by the quadrupole

effect. To this interaction the unpaired spin electron makes only a minor contribution. The main

effect comes from electrons in the hydrogen bond. The angular dependence as shown in Fig. l2(b)

corresponds to an axial bond structure in a [011] direction perpendicular to the plane in which the

oxygen atoms reside. The hydrogen atom sticks out of this mirror plane, in conformity with the
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triclinic symmetry ofthe defect as a whole. With one hydrogen in its structure, the NLIO centre aan

be interpreted as the neutral charge state ofa singly passivated thermal donor. The defect still has

all the characteristics of a single donor. A detailed atomic model, puttlng all impurity atoms

unambiguously on their proper place, is still lacking.

The above discussion exemplifies the power of magnetic resonance as a tool for determination

of atomic and electronic structures of pointJike defects in silicon. At the same time the thermal

donor serves as an example to feel the limitation of the technique. In EPR none of the hyperfine

interactions with the impurities, be it l7o, 27A1, 1\, tH or 'D, or with distant tesi was observed.

From ENDOR it could be concluded that such interactions are small and not resolvable in EPR.

Also, the species as sepaÍate components of both NL8 and NLIO defects aÍe not resolved in the

traditional measurement. X-band equipment, often used for thermal donor studies, is not

particularly suitable. It has required the high-frequency EPR to observe some of this structure.

Distinct NLl0 defects, such as the NLIO(A) and NLlO(t! structures, are not separated as well.

Quite likely, there exists a parallel between the existence of NLl0 EPR centres with different

atomic structrues but electronically almost indistinguishable and the shallow thermal donors

(STD's) observed in optical absorption, also produced by heat treatment. In the latter case slightly

different absorption spectra are observed related to Al or H impurities in the samples [05, 106].

For the ls to 2p+ transition of the STD(2) and STD(3) species an isotope effect correlated with

hydrogen/deuterium substitution was observed, demonstrating a hydrogen involvement in these

STD's [07]. A correlation between absorption strength in the infrared spectra and NLl0 EPR

intensities was repoÍed, supporting the proposal of identifying optically observed STD centres with

EPR centres in the NLIO category.

6. Hydrogen-+halcogen centres

As demonstrated by the occurrence of hydrogen-thermal-donor complexes, the interaction of
hydrogen with double donors offers attractive opportunities for impurity-passivation studies. In

contrast to passivated single dopants, one expects the complexes formed by partial passivation of
dopants with double valency to be observable in magnetic resonance. This might be correlated with

the binding of one or more hydrogen atoms to the impurity. Chalcogen impurities represent well-

studied substitutional double donors in silicon [108]. Early passivation studies using the

experimental method ofdeep-level transient spectroscopy showed that all chalcogen double donors,

namely S, Se and Te, are passivated by binding hydrogen [], 109]. Both band-gap levels were

removed and no new levels were created. In contrast to this conclusion of full passivation, in

infrared absorption five donor states were observed when hydrogen was diffirsed into sulphur-doped

silicon I l0]. Three ofthese spectra displayed a hydrogen/deuterium isotope effect.

Magnetic resonance experiments on the hydrogen-passivation of sulphur and selenium have

been carried out as well [ll, ll2]. Following the bulk introduction of hydrogen by diffusion at
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Fig. 13. Electron-paramagnetic-resonance (EPR) and field-scanned-ENDoR (FSE) scans of the Si-

NL60 and Si-NL6l spectra of Se-H complexes over a range of magnetic field also covering the

region of selenium hyperfine splitting; magnetic field B // [100]. Sample doped with natural

selenium with 7.6Yo of the isotope 77Se, nuclear spn I = ll2'

high temperature the EPR spectra related to these chalcogen dopants and their pairs were replaced

by new spectra, two in each case. For sulphur-doped material these were labelled Si-NL54 and Si-

NL55; for the case of selenium doporg the spectrum labels are Si-NL60 and Si-NL6l. Fig. 13

illustrates the spectra NL60 and NL6l over the full range of magnetic field, whereas Fig. 14 shows

the central paÍ of the spectral region in higher resolution. Following the interpretation of the

spectrum as due to Se-H complexes the strong central paÍï, at around 816 mT in Fig. 13,

corresponds to centres with the selenium isotopes with nuclear spin 1 : 0. The two pairs of satellites

with offsets of about +9.1 mT and +5.4 mT, respectively, are due to the hyperfine interaction with

the 77Se isotope, having the nuclear spin .I = 112. Tbe relative intensity of these side lines is

consistent with the 7.6Yo rrlfiral abundance of this isotope. The observed intensity indicates the

presence ofone selenium atom in the centre. To verifr this conclusion spectra were also produced

using selenium enriched to 99.lYo in the ??Se isotope. In the resulting spectra all intensity is found

in the hyperfrne components, the central line has vanished. In the experiments with sulphur, a very

similar set of observations was made for the spectra NL54 and NL55. Sulphur-doped samples were
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Fig. 14. Central part of the electron-paramagnetic-resonance (EPR) and field-scanned-ENDoR

(FSE) spectra of Se-H cornplexes for magnetic field B // l0lll. Labels A+1, etc., indicate the

particular hydrogen-ENDOR transitions used for FSE selection (see Ref. 112). (a) FSE specfa of
Si-NL60, (b) FSE spectraof Si-NL6l.

prepared using natural sulphur, and also sulphur with an enrichment in the 33S isotope of 25.5%o and

99.5%. The 33S nucleus has a spin I:3l2,leading to a characteristic quartet hyperfine structure of
four equal-intensity equidistant resonances. The ratio ofintensities ofthe pairs ofside lines is not

constant, but depends on sample preparation conditions. For selenium it was found that a rapid

thermal quench after diftrsion favours the production of the outer pair of hyperfine lines, i.e.,

spectrum NL60, in the extreme case suppressing the formation of the NL6l spectrum completely.

This provides one ofthe axguments to consider the spectra as belonging to different centres. For the

sulphur spectra the effect of thermal treatment is much less pronounced. It may indicate a rather

equal formation energy and thermal stability of the NL54 and NL55 centres. As regards the

involvement of hydrogen in the centres, a structure due to hyperhne interaction with the nuclear

moment of the proton" with / = l/2, is just discernible in the side lines of the NL60 spectrur4 Fig.

13. As in most of the centres discussed before, the hydrogen hyperfine interaction is small, and

barely or not at all resolved in the standard EPR measurement. To observe and determine the

hydrogen effect, the higher resolution of ENDOR is required. On all spectra extensive ENDOR

measurements were made, using both the standard tH hydrogen and the 2H deuterium isotopes with
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100% enrichment. With all experiments carried out in a K-band spectrometer, with a microwave

frequency of 23 GHz and consequently all EPR observed near the field ,B = 820 mT, the proton

ENDOR is observed near the Larmor frequency 35 MHz and the deuteron spectrum near 5.3 MHz.

From these ENDOR data the identification of hydrogen as part of the four EPR centres under

discussion follows in an urambiguous rnanner. In the identification both the field-shift method and

the recording of full angular-dependence patterns was applied. For the case of 2H the nuclear spin

I > l/2 has allowed the nuclear quadrupole interaction to be measured. By the ENDOR a surprising

distinction between sulphur and selenium passivation was revealed. On the EPR of spectrum NL6l
two hydrogen ENDOR patterns with a small frequency difference were observed. Apparently, two

distinct hydrogen atoms form part of this centre. All other spectra just have one hydrogen

frequency.

With all spectral components resolved in ENDOR, the method of field-scanned ENDOR (FSE)

utilising ENDOR tagging of spectral components, can be used for revealing underlying EPR.

Results, as given in Fig. 13, assign the outer pair of selenium interactions to the NL60 spectrunl the

inner pair to the NL6l spectrum. V/ith FSE the structure in the central line which has multiple

origins, is also resolvable, as shown in Fig. 14. As NL60 and NL6l have nearly equal g tensor, their

resonances with zr = 0, labelled C for NL60 and A and B for NL6l, are nearly coincident in the

central EPR line. Secondly, as the anisotropy is small, fine structure components for different

orientations of the centres, labelled as perpendicular (I) or at an angle of 35 degrees (35) with the

magnetic field, are also umesolved in standard EPR. Thirdly, the hydrogen hyperfine interaction of
NL60 is resolved in its FSE spectruÍrl Under the improved conditions of FSE the angular

dependence pattems of the individual components were recorded. In parallel to the foregoing

qualitative descripion, the quantitative spectroscopic analysis of data was made with an appropriate

spin Hamiltonian. All centres have electron spin S: l/2, corresponding to a single unpaired spin.

As all observed interactions give a <lll> axial pattern, the tensors, i.e., Zeennn splittings g
hyperfine interactions I and quadrupole interactions Q have the trigonal form. Parameters of the

spectra are collected in the Appendix.

Following the experimental observations the hydrogen-passivated chalcogen centres are

concluded to have a <l I l> axial structure. Assuming the S/Se atoms to stay on their regular

substitutional site the hydrogen atoms must find a position on a <l I l> axis through this site. Three

different types of sites may be distinguished: either between the chalcogen atom and a nearest-

neighbour silicon atom on a bond-centred (BC) site, or further away from the chalcogen atom on

the anti-bonding site of a nearest-neighbour silicon atom (AB-Si), or, finally, close to the chalcogen

atom on an anti.bonding site (AB-S/Se). Which of such positions is actually taken by the hydrogen

atom requires more subtle analysis of the hyperfure and quadrupole interaction parameters.

Alternativeln the defect modelling is based on state-oÊthe-ad theoretical calculations. An early

treatment, predicting full passivation of the sulphur defect by one or two hydrogen atoms in forming

complexes of monoclinic or orthorhombic symmetry, is at variance with presented experimental

data [13]. In more recent reseaÍch the interstitial BC and AB-Si sites were found to be stable
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positions for hydroge4 with a srnall energy difference only [ 14]. In both cÍNes a bond is formed

with a nearest-neighbour silicon atorn This allows a plausible interpretation of experimental data by

assigning the NL54 spectrum to the S-H complex with hydrogen on the BC site, with NL55

belonging to the complex with H on the AB-Si site. For selenium a similar agreement is obtained

dealing with the more complex situation of binding one hydrogen atom in the NL60 and two in the

NL6l centre [15]. Regarding their electronic structures, according to the g tensors the centres

classifr in the group of substitutional or interstitial donors with effective-mass-like ground states.

By an LCAO analysis of hyperfine interactions with the nuclei lH or 'D, 
33S or t7se, and 2esi an

informative mapping of the wave function can be obtained. As for other hydrogen-related centres

aud in agreement with the theoretical calculation I 14] the spin density on the hydrogen is very low.

On the chalcogen atoms the spin density f is around 0.05, slightly less than the values of the

isolated chalcogen impurities. Hyperfine interaction with 2esi nuclei is too weak to give separated

hyperfine lines; these interactions only contribute to the line width. The absence of strong hyperfine

interactions is typical for the extended wave function of a relatively shallow donor. The neutral

single-hydrogen centres may schematically be represented by a core (S/Se2*-tf) surrounded by

electron C in an extended orbital. Summarising these analyses, the observed EPR centres are

identified as one-chalcogen-one/two-hydrogen complexes with a trigonal atomic structure and with
quite shallow donor character. Full passivation ofthe chalcogen double-donor activity did not take

place by the hydrogen bonding.

7. Hydrogen-transition-metal centres

Transition metals are common fast diftrsing impurities in silicon, easily present in the material as

an unintentional contaminant, due to, e.g., insufficient control over purity in processing treatments.

Nearly all of them introduce deep levels in the band gap of silicon, in this way having a profound

effect on materials properties, in particular related to carrier recombination pÍocesses. Hydrogen

atoms can be bound in the deep local potentials of the transition metal impurities and affect their
properties substantially. Interaction between s states of hydrogen with d states of transition metals

will lead to new defects with a possibly basically different electronic structure. It is certainly not

obvious that hydrogen binding will lead to electrical passivation of these impurities. As a result of
exchange coupling between spins in the d shells of transition elements states of high spia
compounded from orbital and intrinsic spin momenta, are formed (Hund's rule). It is not to be

expected that the high spin will be nullifred completely by binding one or more hydrogen atoms.

Transition-metal-hydrogen complexes can still be paramagnetic, hence be observable by magnetic

resonance, creating a field for fruitful studies of hydrogen-bonding physics.

The most detailed studies were performed on a centre identified as tPt(E>]-, which is observed

in platinum-doped silicon after hydrogenation treatment typically for 24-72 hours at 1000-1250 "C

[3, 116]. The spin resonance is described by electron spin,S = l/2 and. shows the angular
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Fig. 15. Tentative models for the PtI{2 complex in silicon Platinum atom shown shaded, hydrogen

atoms shown as black spheres. (a) Hydrogen terminating bonds inwards into the vacancy, (b) H

atoms pointing away from the platinum atorn OÍhorhornbic symmetry allows distortions of the

centre which leave the (01l) minor plane symmetry. After Stavola, et al' [ll7l.

dependence of an orthorhombic-I syÍnÍnetry centre. The atomic struature is derived on the basis of

the observed hyperfine interactions. The presence ofone platinum atom is indicated by the resolved

hyperfine splitting related to the re5Pt isotope, nuclear spin 1 = ll2 and natwal abundance of 33Yo,

resulting in the characteristic splitting of the resonance in three components with the intensity ratio

of 0.25 : I : 0.25. Presence of two equivalent hydrogen atoms is revealed by triplet structure with

amplitudes scaling as I : 2 : 1 ofall resonances due to the hyperfine fields created by two hydrogen

atoms (spin 1 = l/2, 100%). In case of deuteration (spin / = 1) the associated hyperfine structure will

have five coÍnponents in the intensity ratio of I :2 : 3 : 2 : l, but their mutual separation will be

reduced by the factor 2pu/1to = 6.5. Due to the smallness of the splitting this has not been observed

in resolved forrn, only as an appropriate line broadening. The spin-Hamiltonian parameters of the

centre are given in the Appendix. A small difference of the g tensors and platinum hyperfine

interaction was reported for the PtHz and PtDz centres [3].

Atomic models consistent with the observed symmetry and atomic constituents are given in Fig.

15 tl l7l. The model of the oÍhorhombic isolated Pt- centre has provided an obvious starting point

for modelling of PtHz. Positions of the hydrogen atoms follow traditional chemical bonding

aÍguments and are consistent with their hyperfine interactions with the defect electron The isofopic

part of hydrogen hyperfine interaction, a = 8.6 l\&lz 13, 4], corresponds to a localisation of around

0.6% on each of the two protons. The position of the hydrogen atoms on a nodal plane of the defect

accounts in a natural Ínanner for this small localisation. The still present non'vanishing component

can be discussed in terms of many-electron effects, as in the case of centre Si-AA9. Anisotropic
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hyperfine interaction with hydrogen nuclei must be due to electron spin localised on remote

orbitals. From the reported values á : 0.6 MHz [3] or á = 1.1 MHz [a] and with equation (5) a

distance R of 0.4 to 0.5 nm between electron and nucleus is calculated. Assuming one full electron

spin to be present in the core position ofthe defect, the large distance found favours the hydrogen

positions anti.bonding to silicon as sketched in figure 15(b). In experiment [3] hyperfine

interactions with two 'esi atoms have indicate d a 26% localisation on these neighbours. In reality

the wave function is therefore spread out over a larger region of the defect and the quantitative

aspects of the model calculation should be taken with corresponding care.

A most important question is about the electrical activity of the PtHz centre. This has been

probed by monitoring the effect of Fermi level on the observability of FtHz in its paramagnetic

state. Fermi level changes were imposed by different platinum and/or donor doping concentratior5

by electron inadiation creating compensating acceptor centres and by illumination [4, 116]. As a

result it was concluded that the paramagnetic state ofthe complex corresponds to (PtH2)-, and that a

level (PtIIz)]PtH2f is positioned between Ecs - 0.045 eV and Ecn - 0.1 eV and another level

(PtHrY(PtI{r)0 between Ecs - 0.23 eV and EvB + 0.32 eV. Hence, it must be concluded that

hydrogenation of platinum-doped silicon leads to the formation of a double acceptor centre. Such

conclusions are in remarkable agreement with results of other studies. From deep-level transient

spectroscopy levels related to a PtHz defect were reported at Ecs -{.18 eV and EvB + 0.40 eV I 18

- 1201. Very recently published theoretical results place a first acceptor level at Ece - 0.45 eV, but

do not report a (2-l-) level [21]. In addition to the acceptor level the theoretical study finds a

donor level close to the valence band, thus describing PtH2 as an amphoteric defect. In the recent

DLTS studies also electrical levels related to ftHr and ftHr are identified. The centre PtI{4 is

considered to be a fully passivated Ft centre without electrical activity. In an early report on DLTS

of hydrogenated platinum-doped n-type silicon the passivation of platinum was conclude d |221.
Obviously in contradiction to the more recent observations, it may have occurred that the level at

Ecg - 0.1 eV has been too shallow and the midgap level has been too deep for observation.

In a close parallel to the magnetic resonance the platinurn-hydrogen complexes were

investigated by optical absorption due to the local vib,rational modes (LVM) of hydrogen [4].

Absorptions at 1888.2 crrrr and 1901.6 cm-r were identified as anti-symrnetric and symmetric

hydrogen stretching vib,rations, respectively, in the paramagnetic state of PtIIz. Conesponding pairs

of bands forthe PtHD and PtD2 centres are at the frequencies 1894.6 cm-r and 1366.9 cm-t for

PIHD and at 1362.5 cm-r and 1370.7 cm-t for PtDz. The isotope shifts confirm the presence of two

hydrogen atoms in the centres. Vibrational spectroscopy is not restricted to the paramagnetic state

of the complex. There are corresponding pairs of vib,rations for the two other charge states. By

varying the charge state ofthe defect, the changes in vibrational frequencies have helped to locate

the levels. Probing the thermal stability of the PtHz centre it was found that the EPR spectrum

anneals out by exposure to 500 oC for 3 hours [3] or to 600 "C [16]. The simultaneous loss of
LVM spectra indicates that both spectra are associated with the same centre [116].
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Fig. 16. Part of the Si-NL53 spectrunl recorded with the magnetic field parallel to a [l I l] crystal

direction, at the microwave frequency of 9.2164 GHz and at teÍnperature T:7.5 K' Hyperfine

structure due to three platinum atoms (isotope tttPt, I = l/2, abundance 33%) and six hydrogen

atoms (isotope rH,1= l/2, abundance 100%) is exhibited. After Hóhne, et al. [3]'

Another spectrum of a more complex structure has been interpreted as arising from a trigonal

[Pt.(Hi)z]s centre [3]. It is formed by hydrogenation of platinum-doped silicon when a retarded

quenching procedure is applied. Centres revealing the tendency ofplatinum to coalesce into larger

complexes with Si-Pt3 groups as building blocks have earlier been identified F23, 1241. In the

common way important atomic structure informàtion is derived from the observed hyperfine

interactions. For a centre with three equivalent platinum atoms a sevenfold line splitting should

occur, each coÍnponent corresponding to a distinct tolal mr in the range -3/2 to + 312, tn steps of l/2.

Given the abundance 0.33 of the magnetic isotope te5Pt the expected intensities must reflect the

ratios 0.01 : 0.13 :0.57 : I :0.57 :0.13 :0.01. As shown in Fig. 16 such a structure is actually

observed, with the reservatiorL however, that the two outermost lines are missing; due to their

weakness they are below the noise level. As also shown in Fig. 16, each of the lesPt components has

characteristic identical further structure, which is caused by hydrogen hyperfine effects. As the

number of components in this latter structure is odd, there must be an even number of hydrogen

nuclei responsible for it. From comparison with the observed spectra this number of hydrogen

atomsisdeducedtobesix.Predictedintensitiesscalingasl:6:15:20:15:6:lareingood
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agreement with experimental line heights. Besides, six hydrogen atoms can easily be incorporated

in a defect model of the required tigonal symmetry. Spin-Hamiltonian parameters of the spectruÍrl

known under label Si-NL53, are given in the Appendix. As for PtH2 also for the present centre the

electron spin localisation on the hydrogen is small, again near 0.6%. Il should be noted that in the

defect model as presented in Ref. [3] the hydrogen atoms are not finding their positions on a

symmetry plane with a node of electron density. To explain the low spin density the effective

pairing-offof spins in the hydrogen bond has to be invoked, as for several others of the hydrogen-

related centres. As was found for the PtIt defect, also the NL53 centre is observed as a so-called

bulk defect in silicon samples with minimum dimensions of more than I mrn Mechanically

removing a layer of about l0 pm thickness all over the sample surface did not notably reduce the

signal intensity. It follows that centres throughout the volume of the samples become hydrogen

bonded using the introduction method of high-temperature difrrsion. It is this bulk passivation that

has allowed the powerful but less sensitive tools of optical and magnetic resonance spectroscopy to

be employed for defect characterisation. This forms an appaÍent contrast with other common

introduction techniques as chemical etching, ion implantation and plasma treatment.

Recently, hydrogenation of silicon doped with gold, the other late 5d element that acts an

effective deeplevel carrier recombination centre, was investigated with magnetic resonance. At

least one gold-hydrogen complex was observed Í125 - 1271. Parameters of the associated spectrum

labelled Si-NL64 are included in the Appendix. The centre has the more rare triclinic symmetry.

For some field orientations spectral lines show a well-resolved structure imo 12 components in the

ratios of(l :2:l):(l:2: l): (l :2:l):(l:2: l). Fig. 17 gives anillustration. It is hardto

escape the conclusion that the centre contains one gold atom (te7Aq I = 312, abundance 100%) and

two hydrogen atoms. In the triclinic overall structure two hydrogen atoms cannot be strictly on

equivalent sites in the defect. From the I :2 : I hydrogen-related structwe one concludes that the

hydrogen atoms find themselves on sites with a near-identical local structure. As a result, lines are

coinciding within experimental resolution. Given the triclinic symmetry of the AuHz centre one

cannot view the centre as an exact counterpart ofthe orthorhombic PtIIz centre. Nevertheless, upon

closer inspection and analysis, strong similmities come to light. Considering first the hyperfine

interaction with the transition element it appears that their principal values, as given in the

Appendix, are very nearly proportional to the respective nuclear g values ofthe gold and platinum

isotopes (t"Pt,gn : l.2190, reAu: gn -- 0.09717), implying equal spin localisation in this core part

ofthe centres. The same conclusion holds for the hydrogen hyperfine interactions. In both cases the

isotropic part c is near 9 MHz and the anisotropic part á near I MlIz, resulting in the same

conclusions for Autlz on localisation0.6Yo and distances as discussed for PtHz. In the region of the

impurities the two defects therefore show a strong resemblance allowing to use the well-established

PtI{z model as a starting point for AuHz. Neutral gold is iso-electronic to negative platinum. Quite
likely spectrum Si-NL64 corresponds to the [Ara(H;)2]o centre observed in the neutral paramagnetic

state. For yet unknown reaÍnns the gold-hydrogen centre has distorted to lower symmetry. The EPR

centre might well be identical to the AuHz centre reported in DLTS studies U28 - 1301. This
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Fig. 17. Part of the Si-NL64 spectruÍr\ recorded with the magnetic field in the (0,-1,1) plane about

l0o away from [011], at the microwave frequency of 23.0217 GHz and at teÍnperature T : 4.2 K
Hyperfine structure due to one gold atom (isotop" tntArr, I = 312, abundance 100%) and two

hydrogen atoms (isotope tH, 7 = l/2, atundance 100%) is exhibited. After Huy and Ammerlaan

ll25l.

passive complex, escaping direct detectio4 is proposed to exist on the basis of annealing kinetics in

the gold--trydrogen system. Another centre, AuHr, electrically active with three band-gap levels, has

found no counterpart yet in magnetic resonance Í129, l3ll. The corrylexes containing Au and H

have vibrational properties similar to the PtH and PtHe complexes [132' 133].

Further understanding of the microscopic structure of the complexes, which involved transition

metal and three hydrogen atoms has, very recently, been achieved following the observation of a

one-platinurn-three-hydrogen (PtH3) centre by electron paramagnetic resonanee Il25 - 1271. In Fig.

18 a typical EPR spectrum of the FtHr centre, labelled Si-NL65, obaerved in platinum-doped wet-

hydrogenated silicon, is depicted for the magnetic field parallel to the <011> crystallographic

direction of the sample, at tempeÍature T = 4.2 K microwave frequency/: 22.71368 GIIz' and

under visible-light illumination. The spectrum is characterised by a resolved hyperfine structure of

l:3:3:1 - 4:12124 - l:3:3:l obviously revealing the presence of one platinum atom (1: ll2'33.8yo

natural abundance) and three equivalent hydrogen atoms (1: ll2, IOV/o natuÍal abundance). Also,
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Fig. 18. Part of EPR spectrum of the Si-NL65 centre observed in the platinum-doped hydrogenated

silicon samples for magnetic field parallel to <01 1> crystallographic directiorq temperature Z:
4.2I! microwave frequency f : 22.71368 GHz The spectrum is observed under visibleJight

illumination revealing hyperfine structure of I :3:3: I - 4:12:12:4 - I :3:3: I as due to the hlperfine

interaction with one platinum and three equivalent hydrogen atoms. The spectrum of the well-

known PtHz is also observed and indicated. Due to superposition with some other centre, the low-

freld hyperfine lines ofthe Si-NL65 spectrum are umesolved.

the spectrum of the well-known Ptllz centre is observed and indicated. As previously predicted

from theoretical works, a defect of one-platinum and three-hydrogen atoms should have trigonal

symmetry U2l, 1347. Indeed, the symmetry of the Si-NLóS spectnrm is trigonal with a large

anisotropic hyperfine interaction of platinum and a slight anisotopy of the hydrogen hyperfine

interaction Details of the spin-Hamiltonian paÍameters of the spectrum are given in the Appendix.

Analysis ofthe experimentally observed data of the PtHt centre using the standard LCAO treatment

have disclosed surprisingly similar values of the hydrogen hyperfine interaction as compared to that

of the PtHz, AuII2, as well as the [PtIIz]r centres. With the anisotropic paÍt b : 0.9 MHz and

isotropic part q : 13.67 \eb" these values, agarl imply a localisation of about 0.95Yo on each of
the three protons and a distance ofabout 0.5 nm between electron and nucleus. From these results,

microscopic models for the PtHr centre have been proposed in which the platinum atom occupies a

substitrÍional site, three hydrogen atoms aÍe interstitial anti-bonding to three silicon neaxest-

:

Pt-H^ i,l
si-NL65Si:Pt,H

'l''
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neighbour atoms and arranged themselves with trigonal symmetry about a <l 11> trigonal axis.

Taken into account the frct that the tPtHr]- centre is paramagnetic in the negative charge state, the

Si-NL65 spectrum of the PtHr centre most probably is observed in the neutral paramagnetic charge

state, i.e., tft.@)3]t. It should be noted that the formation of the PtHr centre is in strong

competition with the formation of the neutral interstitial iron centre (Fe)o, the PtFe pair as well as

the other R-Pt pairs, resulting in a very low formation probability of the centre. This explains the

absence ofdetection ofthis centre by magnetic resonance in the past.

Deep-level transient spectroscopy has made substantial contributions to the understanding of

reactions between hydrogen and transition elements [35]. Besides gold and platinurn, the hydrogen

interaction processes were studied for the 4d elements rhodium [36], palladium [119, 137, 138]

and silver [10, ll9, 131] and for the 3d elements titanium [119, 139], vanadium [140, l4l]'
chromium [41], cobalt fllg, 142,1431, nickel Ulg, l44l and copper [145]. Reports on magnetic

resonance characterisation are scarce. Besides platinum and gold, they are limited to iron [la6] and

palladium 1126,127f, suggestrng a fruitful field of future research left rmcovered.

8. Other hydrogen-related centres

By thermal treatment new hydrogen-related centres can be formed through redistribution of

hydrogen becoming availlble by thermally-activated dissociation with subsequent trapping into

sites which provide more stable bonding. Fig. 6 illustrates an annealing sequence in which several

centreso including AAI U9l, AA2l47l, AA3 [19], AAl0 U8l and AAll [19], are involved' By

such a process of thermal anneal recently the trigonal centre AAIT was created in high-purity

silicon (resistivity 3000 Ohm.cm) [47]. The centre anneals in at 200 oC; it anneals out at 450 oC.

Prior to the thermal treatment, hydrogen was uniformly introduced, either by 30 MeV proton

implantation or by high-temperature diffirsion in a wet atmosphere. Without involvement of other

impurities than hydrogen, the tentative model for the centre is based on an intrinsic silicon defect'

The core of the AA17 defect is proposed to consist of a {lll} planar hexa-vacancy. The hexa-

vacaney as a very stable fundamental intrinsic defect in silicon has been described theoretically but

has escaped detection as the defect has no band-gap level [l48]. Two hydrogen atoms find their

equivalent positions on the [1 I l] axis througtr the centre ofthe six-fold ring, one on each side ofthe

plane. In order to account for the zero-field splitting D by dipole-dipole coupling the distance

between the hydrogen atoms must be around 1.2 nm, equal to 5 silicon-silicon nearest-neighbour

distances. The spin localisation on the hydrogen atoms is 3lYo, vlilh 9o/o s and 9l% p character,

typical for a vacancy like defect. The defect is observed in its neutral state with an even total

electron number. The two electrons on the hydrogen sites couple to an electron spin S : l.
Hydrogen hyperfine structure was not noticeable in the AAIT spectra. The conclusion about

hydrogen participation in the centre is based on the stong dependence ofthe formation rate on

hydrogen content. Conditions of formation and temperature range of stability of the AAIT EPR
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centre and the luminescent centre B4r (1.1509 eV) of an optically active hydrogen dimer are very

similar U49 - 1511. It is suggested on that basis that both spectra derive from the same defect. The

centre is considered to be a precursor for hydrogen platelet formation. Spin-Hamiltonian parameters

of the AAlT centre are tabulated in the Appendix.

By being present as a mobile reactive agent, hydrogen can have its role in the anneal ofradiation

effects. In such studies, it has been observed that in silicon subjected to bombardment with Ff ions

the thermal annealing of radiation defects occurred at a lower temperature and gave a more full

recovery of the electrical conductivity |521. Also the annealing of so-called vacancy-void centres

was accelerated by proton inadiation [53].
A remarkable property of hydrogen is its ability to enhance the mobility of other impurities in

silicon. The phenomenon has been observed for oxygen, the most common impurity in silico4 and,

more recently, for aluminiurn Orygen represents the best documented case investigated

experimentally and theoretically [5a]. In their equilibrium state, oxygen atoms occupy bond-

centred sites midway between two silicon atoms and diffirse by jumping over these positions in a

process requiring 2.56 eV ofactivation energy [55]. In the presence ofnearby hydrogen the Si-O-

Si bond is strongly weakened by the formation of a hydrogen bond. Static and dynamic theoretical

models express different views on whether an H-Si [10], 156] or an H-O [l57] configuration

characterises the intermediate diffirsion state, but agree that the barrier for oxygen motion is

reduced by a factor of almost two. In these diffirsion mechanisms hydrogen plays a catalytic role; it
participates in the process without being consumed. In the experiments, the effect of hydrogen

enhancement of oxygen mobility is observed in the temperature range around 300 oC. Both single

jump processes such as the recovery from stress-induced dichroism as well as long-range oxygen

migration in oxygen loss processes with correlated thermal donor formation are accelerated in the

presence of hydrogen atoms, e.g.o from a plasma source [58 - 160]. Under conditions, hydrogen

can become a component of an orygen cluster, as it happens in the NLl0 thermal donor. In case of
aluminiur& the conclusion of enhanced impurity diffrrsion rests entirely on the observation of the

Si-AA15 spectrum [61]. To form the centre silicon samples were hydrogenated and imadiated at

low temperature, around 80 K. Upon anneal at 180 K the two centres AAl5 and AA16 emerge [62
- 1641. Centre AA16 is a one-aluminium centre and corresponds to a rapidly diffusing species,

presumably an Al,-H complex. Centre AA16 is no longer observable after anneal at 200-220 K.

Centre AAl5 remaining until anneal at 300 K is identified as an Ali-Ali interstitial pair. From its

hyperfine structure with I I groups of lines it is unambiguously concluded that the centre has two

aluminium atoms as its components. It has required long-range migration over distances of around

100 lattice sites to b'ring these two atoms together. Under the conditions of the experiment, without

any carrier injection or generation, a process of recombination enhanced a-thermal diffusion is

suffrciently suppressed. In the model, the two aluminium atoms in the AA15 centre are on

equivalent sites in an undistorted lattice, but an additional distortion lowers the symmetry to

monoclinic-I and renders the two Al sites slightly different. The distortion is most easily explained

by a nearby additional impurity, for which the only candidate is hydrogen. If so, the hydrogen
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actively participates in the final defect structure and its role is more than just a catalyst. It must be

noted that neither for AAl5 nor AA16 the presence of hydrogen in the defect structure is suppoÍed

by discernible hyperfine interaction with the impurity. Above examples illustrate the role the

hydrogen impurity fulÍils in stimulating fundamental diffirsion studies in the covalent silicon host

on a microscopic level. The relevance of enhanced migration rates of oxygen and aluminiunr, by

orders of magnitude under circumstances, for the materials science of silicon is obvious. Being

conscious that hydrogen can be present as an unknown unintentional impurity in silico4 as a result

of some processing treatment, the control over hydrogen and its physics in silicon has become an

important topic.

A special category ofparamagnetic centres ofsilicon is formed by surface- and interface-related

defects. If a silicon crystal is terminated by, for instance, a flat (l I l) surface, a density of 7.8xl0ra

cm-2 of surface atoms present a dangling bond in a [ll] direction into free space. [n order to

passivate these electrically active states in standard device practice a thermal oxide is gtown on the

suràce. However, due to lattice mismatch and to relieve strain in the interface a typical number of

0.5 to 1.5% of surface states is not terminated by the oxide [65, 166]. These centres are

paramagnetic in their neutral state and give a magnetic resonance spectrum known as the Pb centre

U67, 1681. Often the centre is represented by the symbol -Si=Sis indicating the one dangling bond

and the three fully occupied bonds to silicon atoms in the first sub-surface layer. Following this

microscopic model the centres have a trigonal symmetry, in agreement with EPR characteristics, as

given in the A.ppendix U69, 1701. Already in the first paper on the Pb centre it was noted that

hydrogen can bleach the Pu resonance U671.In more systematic studies it was found that hydrogen

can both passivate and depassivate the Pb centres U 65 , I 7 U . In a temperature region from 220-260
oC a reaction Pu + Hz ---+ HPu + H leads to fulI passivation of the interface centres forming HPu or

H-Si=Sil. These diamagnetic HPu centres are unobservable in EPR. At higher temperature, in the

range 500-590 oC, the Pb centres are recreated by a reaction HP6--+ Pu + H. For the technologically

more important (100) SilSiO2 interface the situation is more complex as two interface centres, P6e

and P61, exist. The dominant defect at the (100) interface, Pm, is not chemically equivalent to the

(1ll) Pb centre in spite of similar g tensors U72|lt was found that the hydrogen passivation is

described by similar reactions as mentioned above for all types of interface defects, Pu, Pm and Pur

[73]. In addition to it role as passivation agent of P6, hydrogen takes part in the centre as a

chemical constituent not affecting its paramagnetic state. By ENDOR hyperfine interactions with

hydrogen close to the Larmor frequency have been detected U74, 1751. A number of specific sites

for the hydrogen atoms could be indicated. These hydrogen atoms appeax to have a minor effect

only on the global defect properties. Variations related with these atoms as a Pu decoration may well

be responsible for minor variations in the Pu paÍameters from different sources in the literature or

from P6 centres grown in diÍferent interface structures f169, 170, 1761. A very similar spectrum has

been repoÍed under the label Si-NL52 t1771. As the spin-Hamiltonian data in the Appendix show,

the g tensor ofthis trigonal centre has similar, though not identical, values as P6. These principal

values are characteristic for an electron in a (1ll)-oriented sp3 hybrid orbital. Several other centres
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Fig. 19. ENDOR scan on the Si-NL52 EPR spectrunr, magnetic field B = 826 mT, in (011) plane,

5o away from the [011] direction. The scan is cut at the nuclear Zeeman frequency of hydrogen, v2

: 35.168 MHz for field B. The low-frequency part of the scan is folded back to more clearly show

the symmetric pattern with respect to vz, as required for hydrogen ENDOR.

with a well-established structure provide a basis for an empirical relation between g tensor and

electronic structure. In this category of defects one finds the phosphorus-vacancy complex

(spectrum G8, g, = 2.0005, gt = 2.0104, Ref. 23), the negative di-vacancy (spectrum G7, gr =

2.0012, g : 2.0142, Ref. 178), the penta-vacancy (spectrum Pl, grr : 2.0020, 91= 2.0111, Ref.

179) and the B centre (spectrum Gl6, g11= 2.0026, g= 2.0096, Ref. 180). Even more compelling

evidence for the (near-) identical structure of the two centres follows from the equal hyperfine

interaction with the silicon atom on which the dangling bond resides. Standard LCAO analysis of
these hyperfine parameters yield an electron localisation q2 :0.66,with I l% s and 89% p character,

for both defects.

On this basis one is tempted to conclude to identity of the Pu and NL52 centres. However, some

differences, hard to ignore, are also revealed by the experiments. Centre NL52 is produced by

hydrogen implantation as a bulk defect, in high-resistivity float-zoned silicon without appreciable

amount ofoxygen present. Spectrum NL52 is therefore produced under conditions not providing

some of the basic requirements as established for P6. Also in the spectral characteristics of NL52

some features are observed which are absent for Pu. In the EPR of NL52, for B ll Ulll the line

+
v
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shape of the single orientation with axis parallel to the field, the resonance line has a four'

component structure which is interpreted as hyperfine structure due to two inequivalent hydrogen

atoms. Such structure was neveÍ reported for the Pb centre. Identification of the structure is

supported by ENDOR on this resonance revealing spectÍa as shown in Fig. 19 [l8l]. From the

symmetÍy of the ENDOR spectrum with respect to the hydrogen Larmor frequency, and

independently by applying the field-shift method, Íesonances were unambiguously identified as

hydrogen interaction. Actually, the ENDOR spectrum of Fig. 19 revealing a multitude of hydrogen'

related Íesonances represents the first hydrogen ENDOR reported for a point defect in silicon. A

full analysis of the angular dependence of ENDOR frequencies is not yet available. Positions of the

hydrogen atoms within the NL52 structure are therefore not known. Hydrogen ENDOR frequencies

observed for NL52, in the range l-10 MHz [181], are substantially larger than those reported for P6,

which are in the range 100-400 kHz tl75l. A best identification of the NL52 centre is that of a Pu-

like defect with hydrogen atoms included on specific defect sites. Hydrogen interactions with Pu

and P5-like centres include decoration and passivation. Further investigations are required to

unravel the details of p,robably a rich set of interactions'
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Appendix. Parameters of magnetic resonance spectra related to hydrogen in crystalline silicon.

Spectrum/model: Si-AA9/(HBc)o

Symmetry: trigonal, point group 3 nL symmetry type a1n

Electronspin: S:1/2
g Tensor: gr4r,r,rl- 2.001l, gr1r,r,r1 = 1.9983

A Tensor: nucleus lH, spin 7 = l/2, abundance l00Yo, mass ntp = 1837,15m", go = 5.5856, I site

Á r E,t,rl = 4.2 Nfrlz, A.L1r, t, I 1 = 1 l'4 tvftla, a = -23,0 lvfrlz, b = 8.4 MHz

A Tensor: nucleus 2eSi, spin 7= 1/2, abundance 4.1o/o,gsi = -l.l1052, 2 sites

ArnJ)l= -139.0 MHz, 1111,1,11 = 12.91vfr12, a = -94'9 l\&lz, b = -22'0lfrlz
Model neutral hydrogen atom on bond-centred site (BC) between silicon atoms, anneals out

at 200 K
References: 7, 18, 19,26,29, 182 - 185

Spectrum/model: Si-Mu */muonium

Symmetry: trigonal

Electron spin: S= 1/2

g Tensor: g*2
A Tensor: positive muon p*, spin 1: 1/2, mass mt,- 207.769111", gp= 2.0016, 1 site

ArnJJt= -l6.82lvftlz, Aq1;,11= -92.591vft12, a = 47.33NftLz., b =25.26MJI2

ATensor: nucleus 2eSi, spinl= 1/2, abundance4.TVo,gsi =- 1.11052,2 sites

A r fi ,r,rt = -137 .5 lvfrlz, A q1 1,11 = 1 3,9 6 Wlz, d = -9 5.1 4 lv[Í12, b = -2 I . I 8 MHz

Model muonium atom on bond-centred site (BC) between silicon atoms

References: 7, 19,20,22, 182- 184, 186

Spectrum/modeh Si-IISD

Symmetry: cubic

Electron spin: S= l/2
g Tensor: C= 1.99875

Model electron in conduction band, resulting from ionisation of the hydrogen-associated

shallow donor (HSD)

References: 7,34

Spectrum/model: Si-AA1/HDD*

Symmetry: orthorhombic-I

Electron spin: S= l/2
g Tensor: gatr,opl = 1.9997, gnoJ;t= 1.9947, &40,-111: 2.0009

Model hydrogen-related double donor in positive charge state, anneals in at 350 oC, anneals

out at 550 oC
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References: 7, 19,37, 42, 187

Spectrum/model: Si-NLS1

Symmetry: tetragonal

Electronspin: S= I
g Tensor: gn,ogt:2.00707, gltr,0,ol = 2.00069

D Tensor: Drfipgl= -37.9 MHz, Dt11,s,st = 19.0 MHz

Model possibly similar to 83 centre

References: 7,44

Spectrum/model: Si-AA2

Symmetry: triclinic

Electron spin: S: l/2
g Tensor: g =2.0020, // (+0.2917, +0.7814, +0.5517)

gz:2.0073, // (+0.7764, -0.5303, +0.3406)

g =2'0074, // (4'5587,4.3290, +0'7613)

A Tensor: nucleus 2eSi, spin 1= l/2, abundanc e 4.7%o,gs = - l.l1052

Ail = e)fsglvftlz, //(+0.532, +0.691, +0.490)

Ar= (-)225 MHz, I (+0.532, +0.691, +0.490)

Model hydrogen implantation" anneals in at 600 oC, anneals out at 700 oC, vacancy cluster

with trapped hydrogen

References: 19,37,47

Spectrum/model: Si-AA3

Symmetry: triclinic

Electron spin: S: l/2
g Tensor: & =2.0014, // (+0.2988, +0.1658, +0.9398)

Ez= 2.0029, // (+0.4742, -{.8804, +0.0046)

g = 2.0040, // (+0.8282, +0.4443,4.3417)

Model: hydrogen implantation, arureals in at 350 oC, arureals out at 550 oC

References: 19,48

Spectrum/model: Si-AA10

Symmetry: monoclinic-I

Electron spin: S: l/2
g Tensor: grrto,r,rl:2.0021,gr-tq,l,ll = 1.9943,8.r-to,r,rl : 2.001 l, 0: 16'60

Model: hydrogen implantation in Czochralski silicon, anneals out at 200 K

References: 18, l9
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Spectrum/model: Si-AAl I
Symmetry: monoclinic-I

Electron spin: S= l/2
g Tensor: Errto,t,rt= 2.0l25,grto,r,rt : 2.0035, gatg,r,u = 2.01 15, 0= 37.0o

Model: annealsolgÉaÍ270'C

References: 19

Spectrum/model: Si-Sl

Symmetry: trigonal

Electron spin: S: l/2
g Tensor: &Ir,t,rl = 2.0010, 8rlr,r,rl = 2.0103

Model: superposition of centres (VID0, Sl" and 516, hydrogen ion implantatiorl anneals out

at 300'C

References: 5, 6,'1, 19, 49 - 52, 54, 188 - 190

Spectrum/model: Si-(VH)o

Below 65 K
Symmetry: monoclinic-I

Electron spin: S= l/2
g Tensor: grJto,l,rt = 2.0090, EzJrlo,r,rl:2.0ll4,gsJ1o,r,r1 = 2.0006, (axis 3, [0,],-l]) = 32.4o

ATensor: nucleuslH, spinl= l/2,abvÁance 100%, I site

A = -3.3 lvfrIz, A2 1 1 1s,1,4 
: 4.6 \ft12" 4 = 8. 5 MHz, d = 8. 0o

A Tensor: nucleus 2esi, spin I = ll2, abundance 4.7Vo, I site, trigonal within error limits

A : -2751vft12, A2= -275 NftIz, A31111,1,11 : -435 lvftIz, 0= 35.3"

A Tensor: nucleus 2eSi, spin 1: l/2, abundanc e 4.7Yo,2 equivalent sites

4:27 MHz, Az: -27 MJIz, AtJlt,r,rt= -34lvftlz, 0:35.3o

A Tensor: nucleus 2eSi, spin 1= l/2, abundance 4.7o/o,3 equivalent sites

Ar = -25 lvftlz, A2: -25lvffIz, AEilt;lt:401frI2, 0:35.3"
A Tensor: nucleus 2eSi, spin 1: 1/2, abundanc e 4.7Yo,3 equivalent sites

4 : -l I lvftIz, A2 = -l I MHz, A z J [t,r,rt = -l 4 lvftlz, 0 : 3 5.3o

A Tensor: nucleus 2eSi, spin 1 : li2, abundanc e 4,7Yo,3 equivalent sites

A : 4 lvftIz, A2 : -6 NtIz, Az;tr, r, r 1 
: -8 MJIz, 0 : 3 5.3"

Above 110 K
Symmetry: trigonal

Electron spin: S= 1/2

gtensor: Bu1r,r,r1:2.0081,81t1,r,11=2.0064

Model: hydrogen atom saturating dangling bond of vacancy, neutral charge state, monoclinic

symmetry below 45 K above ll0 K in motionally averaged state with trigonal

symmetry, anneals out at Z:200'C
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References: 6,52, 188, 189

Spectrum/model: Si-S1"(V2H)o

Symmetry: monoclinic-I

Electron spin: S= l/2
gTensor: 91=2.0110, gz1r1o,r,t1:2.0100,93 =2.0008, á= 31.0"

A Tensor: nucleus IH, spinT= l/2, abundance l00oÁ, I site

A = l.4lvftlz, A2,np;,11 = 1.6 MHz, Á3 = 3.8 MHz, 0= 4.5o

A Tensor: nucleus 2eSi, spin 1 = l/2, abundanc e 4.7o/o,l site, trigonal within enor limits

A : J;68 Nfrlz, A2 = -268 lfrIz, A3 tr 111,1,t 
: 420 MHz, 0 = 3 5.3o

A Tensor: nucleus 2eSi, 
spin 1= l/2, abundanc e 4.7Yo,2 equivalent sites

A 1 = 4l lvfrlz, Az = 4l MJJz, Az ilr,r,rl = -48 MHz, 0 : 3 5,3"

A Tensor: nucleus 2eSi" spin / = l/2, atlxÁance 4.7Yo,3 equivalent sites

A = -22.51vff12, A2= -22.5MH2, A31r1r,r,L1 = -36.5 MHz, 0=35.3o
Model hydrogen atom saturating dangling bond in divacancy, neutral charge state, anneals

out at Z= 250'C
References: 6

Spectrum/model: Si-S16/(V3H)o

Symmetry: monoclinic-I

Electron spin: S: l/2
g Tensor: 8r = 2.0100, gzJrto,r,rt:2.0094, g = 2.0009, 0= 33.2'

A Tensor: nucleus 2eSi, spin 1 : l/2, abundanc e 4.7Yo,1 site, trigonal within error limits

A = -261 lvftlz, A2 : -261 NtIz, As 41;'g = 420 MHz, 0 = 3 5.3o

A Tensor: nucleus 2eSi, 
spin 1= l/2, abundance 4.7Yo,2 equivalent sites

A = 17 lvÍIz, A2= 17 NftIz, AsJ1r,r,tt= 43 MHz, 0:35.3o
A Tensor: nucleus 2eSi, spin /= l/2, abundance 4.lYo,3 equivalent sites

A = -23.01vft12, A2: -23.0Nft12, A1ng1t= 12.5lvíf,lz, 0= 35.3"

Modet hydrogen atom saturating dangling bond in tri-vacancy (or in tetra-vacancy), neutral

charge state, anneals out at Z= 250 oC

References: 6

Spectrum/modeh Si'HVH(HzV)o

Symmetry: orthorhombic-I

Electron spin: S: I
g Tensor: g1r,o,o1 = 2.002, gp;;1:2.005, gp,-1;4=2.002

D Tensor: D1r,o,o1 : 348lvfrlz,D1o,r,r1 = 302Nftlz,D1o,-r,r1 :650 MHz

A Tensor: nucleus rH, 
spin 1= 1/2, abundance 100%, 2 sites

Ag9p1:5.80 MIIZ, Ap;,r1= 5.321vftI2, A1o,-r;1= 6.29 MHz
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A Tensor: nucleus 2eSi" spin 1= l/2, abundance 4.7Yo,2 sites, trigonal within error limits

Aur,t1l= -2201vfr12, Aq11,11= -l 14 MHz

Model: neutral di-hydrogerr-vacancy complex in excited spin-triplet state

References: 55,60-62

Spectrurn/model: VOHO

Below 180 K
Symmetry: monoclinic-I

Electron spin: S: l/2
g Tensor: guo,r,tt = 2.0086, Brto,r,rt = 2.0084,8rt0,r,rt = 2.0013, 0= 39.2o

ATensor: nucleus lH, spinl= l/2, abundance 100%, I site

A6o11t: - 0.3 MH2,,411q,1,11 : - 0.8 lvftIz, A\s,1,11= l5.2MH4 0: 1.0'

ATensor: nucleus2eSi, spinl= l/2,abwÁance4.7Yo,l site,trigonalwithinerrorlimits

A = -236lvftlz, A2= 136lvftIz, A31111,1,1t = -418 lvftIz, 0:35.3o
Model: mono-vacancy--oxygen complex binding one hydrogen atom

Above 240 K
Symmetry: oÍhorhombic-I

Electron spin: S= l/2
g Tensor: Brrto,r,tl= 2.0087,grto,r,rl = 2.0057, grto,r,rl = 2.0043, 0: 39.2o

A Tensor: nucleus lH, spinT= 1/2, abundance 1000Á, I site

ArrcJ1) = - 0.5 lvflz, A\s,1,y1= - 0.6 lvftlz, A\s;;1= l4.6MHz, 0:0o
Modet motionally averaged state of VOH

References: 63

Spectrum/model: Si-NLI0/TDD(H,A|), D(N,O), heat treatment

Symmetry: orthorhombic-I (monoclinic-I, triclinic)

Electronspin: S= 1/2

g Tensor: g = 1.99959, gz= 1.99747, g= 1.99957, stageNLIO

91:1.99974, 8z-- 1.99770, g= 1.99949, stage NLl3

& = 1.99982, gz= 1.99799, Sz= 1.99946, stage NLlT
g:1.99978, Ez:1.99765, gE= 1.99941, species I

91= 1.99978, Ez: 1.99779, g-- 1.99941, species 2

& = 1.99978, 92: 1.99793, &-- 1.99941, species 3

g:1.99978, gz:1.99797, g= 1.99941, species 4

I : 1.99978, Ez 
: 1.99813, g = 1.99941, species 5

A Tensor: oxygentto, see Refs 75, 80, 84, l9l - 193

silicon'nsi, see Refs 82, 86

aluminium 27A1, 
see Refs 75, 80, 88, lg4 - lg7

hydrogen tH, 
see Refs 75, 97 , 104, I 98 - 200

397
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Remarks: superposition of several component spectr4 overall g tensor dependent on heat-

treatment time, spectra with original labels NLl3 and NLIT correspond to later

annealing stages of NL10, g tensor given in orthorhombic approximation, actual

symmetry may be lower

Model neutral hydrogen-passivated thermal double donor, (TDD-H)o

References: 40, 7 5, 76, 78 - 80, 82 - 86, 88, 89, 92, 94 - 97, 99, 103 - 707, l9l - 213

Spectrum/model: Si-NLl0*/heat treatment

Symmetry: cubic

Electron spin: S: l/2
g Tensor: g= 1.999

References: 95

Spectrum/model: Si-TU1/H'O-related centre

Symmetry: cubic

Electron spin: S: l/2
g Tensor: g= 1.9987

A Tensor: nucleus 2eSi, spin / : l/2, abundanc e 4.7Yo, I site: I = 60 MHz

Model: hydroggr-oxygen-relatednegative-Udonorcentre

References: 98,99

Spectrum/model: Si-NL54/(Sfl )o

Symmetry: trigonal

Electronspin: S= l/2
g Tensor: p4r,r,r1= 1.99886, grtr,r,rt = 2.00126

A Tensor: nucleus rH, spin 1= 1/2, abundance 100%, I site

A r $,r.rt = 6.281 Nftl4 A q1,1,11 : 3.936 lvftlz

A and Q Tensor: deuterium 2H, spin 1= l, enrichment 100%, I site

Ar1r,t,rt= 0.959 lví/.:lz, A41,y,11= 0'591 MHz

Qnr1;t= 0.048 Nfrlz, Q4y4t1 : 4.024 lvftIz

A and Q Tensor: sulphur 33S, spin 1 = 312, ewiclwrcnt 25.54Yo, I site

A nr t.rt = I 43.1 lvíf,lz, A 41.1,11 = 137 .7 lfrIz
Qqr;,r1= 6.6lvftIz, Q\y;rt= -3.3 MIIz

Model neutral trigonal substitutional-sulphur-interstitial-hydrogen pair

References: lll, 112,200,214-217

Spectrum/model: Si-NL55(S,Hi)o

Symmetry: trigonal

Electron spin: S= l/2
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g Tensor: g/t1,t,tt: l.99823,grtt,r,rt = 1.99974

A Tensor: nucleus lH, spinl= l/2, abundance 100%, I site

AUr,r,r)= 5'801 NftI2,A111,1,1'1= 5.500 MHz

A and Q Tensor: deuterium 2H, spin 1 = I , enrichment 100%, I site

AqrJ;t: 0.867 lvftlz' A41.1.11= 0.8231vft12

Q4r1;t= 0'038 lvÍlz, Q4r;,t1= -{'019 MHz

A and Q Tensor: sulphur 33S, spinl': 3/2, emichment25.54Yo, I site

AnrJ,rt= 124.0 NfIz, Av11,1,v'1= ll7 '9 lvftIz

Quy;;1: 5.0 MHz, Q\r;,rt = -2'5 MtrIz

Model: neutral trigonal substitutional-sulphur-interstitial-hydrogen pair

References: lll, 112,200,214 -217

Spectrum/modeh Si-NL60(Se.Hi)o

Symmetry: trigonal

Electron spin: S= 1/2

g Tensor: Et1r;11= 1.99635,9-Ltr,r,rt = 1.99459

A Tensor: nucleus lH, spin 1: ll2, abtxfiarce l00oÁ, I site

A nr J,rt = 6.7 82 lfrlz, A 4y,1,11 = 6.603 MHz

A and Q Tensor: deuterium 2H, spin 1= l, emichment 100%, I site

A ur,r,rl = 1.017 Ní[lz, A q1,1,11 : 0.990 MHz

QnU t,r't : 4.032 lvftlz, Qqr ;.r1 = 0.0 I 6 MHz

A Tensor: selenium 77Se, spin 1 = 1/2, enrichment 99.1%, I site

A4r;;!: 535'6 Nftlz, Av11,1,11: 495-3lfrIz
Model: neutral trigonal substitutional-seleniunr-interstitial-hydrogen pair

References: 112,216,218

Spectrum/model: Si-NL61/[Se.(H)210

Symmetry: trigonal

Electron spin: S= 1/2

g Tensor: &fi1;l-- l.99627,8rtr,r,rt = 1.99512

A Tensor: nucleus lH, spin /= 1/2, abundance l00oÁ, I site

Apr11t= 1.060 lvftlz, A 41.1,11 = 0.8 I 6 MHz

A Tensor: nucleus lH, spin 1: l/2, abundance l00oÁ, I site

A6r;;t= l'020 MH4 1111,1.11 = 0'735 MHz

A Tensor: selenium 77Se, spin 1 = l/2, enrichment 99.10Á, I site

A rfi ,r,rt = 321.,5 MHz, 1111, 1,1 1 
: 296.8 lfrlz

Model neutral trigonal complex of substitutional selenium and two inequivalent interstitial

hydrogen atoms

References: 112,216,218
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Spectrum/model: [Pt.(HJzl-
Symmetry: orthorhombic-I

Electron spin: S= l/2
g Tensor: for ftHz: grrtrp9t=2.1298, gt1o,r,r-y= 1.9558, gttíl,-t,tt:2.1683

for PtDz: 84r,0 g=2.l3l9,gnoJ,rt= 1.9554, grrÍ0,-t,rt = 2.1688

A Tensor: nucleus te5R, spin 1= ll2,ttalvalabundance 33%, I site

for PtHz: Arnppt= 175.7 Nfrlz, Ans;;1= 541'2lvfrlzo Ailp-y11= 237.3tvfrI2

for PtDz: Arnppt= 182.5 Nftlz, Ans;;1= 545.8 MHzn Ano,-r;t= 239.9tvftI2

A Tensor: nucleus lH, spinl= ll2,rnttxalabundance 100%, 2 sites

A r D p,ol = 9. 8 MHz, A r [o,t,tl x 7 .9 MIIz, A qo,-t,rJ x 8.2 lvfrIz

ATensor: nucleus 2eSi, spin/= l/2,wturalabundance 4.7oÁ,2 siles

Anr)ll= 124MHz,A.L1l,t,t1 È 88 MHz

Modeh platinum atom bridging two dangling bonds in vÍrcancy, two hydrogen atoms

terminating other two bonds in same vacancy

References: 3, 4, 116, 117,219,220

Spectrum/model: Si-NL53/[Pt3(IIi)2lJ

Symmetry: trigonal

Electron spin: S: l/2
g Tensor: &Ir,r,tl= 2.5082, grtr,r,rl :2.0206

A Tensor: nucleus te5Pt, spin /= l/2,rnturalabundance 330Á

lrto,r,rl =327.31vft12,A1Is,1,17=432-7 MHz, 111s,1,11 :349.41vftI2,0= l2'4o

Model: see Fig. 8 of Ref. 3

References: 3,219

Spectrum/model: Si-NL64/Au'(H)1(H;)2

Symmetry: triclinic

Electron spin: ,S: l/2
g Tensor: g*:2.1282, go:2.0690, g-= 2.0039

c*y:4.0732, 8v,= 0.0394, g^= 0.0361

ATensor: nucleus le7Au, spinl:3/2,rnturalabundance 100%, I site

l* = I 3.8 lvftlz, A, = 23.5 lvftlz' A- : l8.l lvfrlz

A,,y : 8.72 lvftlz, A* = 4.36 lvfrIz, Ao= 1.06 MHz

A Tensor nucleus rH, spin 7 = l/2, mtwalabundance 100%, 2 sites

l* = 8.68 lvftlz,Ao: 1l'39 Nftlz,Ao:8.54 MHz

A"v = 1.73 \ftI2, Ar, : 4.24 NftIz, Ao: 0. 14 MHz

Model substitutional-gold-two-interstitial-hydrogen centre, see Fig. 4 of Ref. 125

References: 125 -127
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Spectrum/model: Si-Nl,65/1Pt.1ttt;r;0

Symmetry: trigonal

Electronspin: S= l/2
gTensor: fl4r,r,r.1=l.9673,grtr,r,rl=2.1569
A Tensor: nucleus lH, spin 7 = l/2, abundance 100%, 3 sites

At -- 14.5 NfrIz, A1: 12.7 l\ftlz
A Tensor: selenium le5Pt, spin 1= l/2, abundance 33%io, I site

A t : 7 08'8 MIlz, At = 52.2 MHz
Modet neutral trigonal substitutional-platinum-three-interstitial-hydrogen centre

References: 125 * 127

Spectrum/model: FeH

Symmetry: cubic

Electron spin: S= 1/2

g Tensor: g=2.07

References: 146

Spectrum/model: Si-AAl7
Symmetry: trigonal

Electronspin: S= I
g Tensor: gryr,r,r.l= 2.0028, grtr,t,rl = 2$106
D Tensor: Du1,r;t= t33.6 MlIz, D111.1,11 = t16.8 MIIz
A Tensor: nucleus 2eSi, 

spin 7 = 1/2, abundanc e 4.7Yo, 2 srtes

' Lilít,t,t!= +175 Nftlz, Ar1r,r,r1 : *89 MHz

Model: hexa-vacancy ring, two hydrogen atoms on equivalent positions above and below

ring, neutral state

References: 147, l5l

Spectrum/model: Si-AAlS/AlrAlrH
Symmetry: monoclinic-I

Electronspin: S= l/2
g Tensor: &Io;;l= 2.0025,9t-t0,r,ll = 2,0035, grto,r,rl = 2.0008, 0='l0o
A Tensor: nucleus 27A1, spin /= 5/2, abundance 100, I site

Ano1;t= 318.0 MHz, 111q,1,11= 290.1 lvftIz, A\s,1,1't:276.81vft12, 0= 20o

A Tensor: nucleus 27A1, spin 1: 5/2, abundance 100, I site

Aryo;1t= 285.5 MHz, 111e,1,11 =277.5 MHz, 111q,1,11 =267.3MH2, 0:33o
Model: Ali-Ali <1 l0> split interstitial, H on nearby interstitial site, anneals in at 200 K

anneals out at 300 K
References: 7, 16l - 164,221
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Spectrum/model: Si-AA16/AlrII
Symmetry: nearlyisotropic

Electron spin: S: 1/2

g Tensor: 9:2.0035
A Tensor: nucleus 27Al spin 7 = 5/2, abxtdance 100, I site

AnrJ;t:823 lvftlz,Ar1t,t,t1 = 836 MHz

Model: interstitial Ali, H on nearby BC site, anneals in at 180 I! anneals out at 210 K
References: 7,162- 164,221

Spectrum/model: Si-P5

Symmetry: trigonal

Electron spin: S: 1/2

gTensor: grr1r,r,r1:2.00l6,Brtr,r,rt:2.0090(Ref 169)

grr1r.r,r1= 2.001l, gr1r,t,t1: 2.0080 (Ref. 170)

A Tensor: nucleus 2eSi, 
spin 1: l/2, abundance 4.7%io, I site

At= 43&lvfrlz,At=255M}lz (Ref. 169)

A t = 423 Nfrlz, A 1 : 234 lvftlz (Ref. I 70)

ATensor: nucleusrH, spinl= l/2, abundance l00oÁ,6 sites

A r : 380 kJIz, A t : 248 kJlz

A Tensor: nucleus rH, spin I: l/2, abundance 100%, 6 sites

fu=20lkJtz,At: l42kÍlz
A Tensor: nucleus lH, spin/: l/2, abundance l00Yo, 12 sites

h = ll0 kJIz, At = 84 kHz

Model neutral dangling bond on (l l l) Si/SiO2 interface, (-Si=Sir;0

References: 165 - 173,175,222-226

Spectrum/model: Si-NL52

Symmetry: trigonal

Electron spin: S= l/2
g Tensor: grrÍr,r,rl= 2.00069,g-Ltl,l,ll = 2.00951

A Tensor: nucleus 2eSi, spin 1: l/2, abundance 4.7Yo, I site

At = 436 lvfrlz, At = 256 lvftIz
A Tensor: nucleus lH, spin I -- ll2, abundance 100%o

fu-- 4'8lvG[z,A1: 1'5 MHz

A Tensor: nucleus lH, spin I: ll2, abundance 100%

Art = l2.l lvfrlz, A1= -5.0 MHz

Model: Pr-like centre decorated with hydrogen

References: 7, 174, ll7, 180,227 -230
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