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"When"When we seek to discover the best in others, 

wewe somehow bring out the best in ourselves,x 

-- William Arthur Ward -

ChapterChapter 2 

CHARACTERIZATIONN OF HYDROGEN AND 

HYDROGEN-RELATEDD CENTERS IN CRYSTALLINE 

SILICONN BY MAGNETIC-RESONANCE SPECTROSCOPY 

ABSTRACT ABSTRACT 

Inn recent years research by magnetic resonance has contributed substantially to the understanding 

off  hydrogen and hydrogen-related centers in silicon. As usual for magnetic resonance, which was 

appliedd in its varieties of electron paramagnetic resonance (EPR) and electron-nuclear double 

resonancee (ENDOR), in several cases profound insight into the microscopic structure of centers has 

beenn the result of the studies. This includes atomic structure by identifying the chemical nature of 

impurityy atoms and the symmetry of their geometrical arrangement within in the defect, as well as 

electronicc structure by mapping of the defect-electron wave function. In this chapter research will 

bee reviewed on centers which after hydrogenation are in a paramagnetic state. Hydrogen in its pure 

configurationn of an isolated neutral atom on a bond-centered position in trigonal symmetry as the 

prototypee of hydrogen centers, is described first. Hydrogen binding on dangling bonds in mono- or 

multi-vacanciess has resulted in the observation and understanding of several fundamental defect 

structures,, and is considered next. Double donors, such as the substitutional chalcogen atom sulfur, 

havee been found to bind one hydrogen atom on several distinct positions remaining electrically 

active.. Hydrogen interaction with impurities with deep electronic levels has also been observed. 

Wee describe, as illustrative example, the observation of the well known one-platinum-two-

hydrogenn (Pt-H2) center. 

7 7 
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2.11 Introductio n 

Afterr the first observations of hydrogen passivation of defect levels in silicon, reported 

inn the nineteen-eighties, hydrogen as a multi-purpose impurity in silicon, with either 

beneficiall  or detrimental effects, has attracted enormous research interest. Due to its small 

sizee and the open lattice of the diamond structure, the hydrogen atom or ion can easily 

penetratee the bulk of the material. The activation energy for migration is only 0.48 eV, 

whichh is among the lowest for impurities in silicon [2.1, 2.2]. Hydrogen can easily 

intentionallyy be introduced by diffusion [2.1, 2.3,, 2.4], implantation [2.5-2.7], hydrogen 

plasmaa treatment [2.8], wet chemical etching [2.9, 2.10] or by boiling in water [2.11, 2.12]. 

Inadvertently,, hydrogen is present, often unknown, as an impurity introduced during 

processs steps in device manufacturing. Due to its half-filled Is electronic shell the 

hydrogenn atom has a high reactivity. A second electron can be accommodated in this shell 

withh low energy. As a result hydrogen reacts strongly with defects with broken bonds or 

otherr centers which offer single valence electrons. For most centers, intrinsic lattice defects 

orr chemical impurities with shallow or deep electronic levels, this condition holds. For this 

reasonn hydrogen is involved in a rich variety of defect interactions. As these interactions 

mayy change the electronic and optical properties of the material, this behavior of hydrogen 

iss of utmost relevance for material applications. The passivation of shallow acceptors 

[2.13-2.15]]  and shallow donors [2.16] is one of the more spectacular effects of hydrogen 

presence.. Another most important application is the passivation of dangling bonds with the 

eliminationn of their associated electron traps or recombination centers in amorphous 

material,material, for the objective of improving the electrical and optical properties of material 

usedused in solar cell production. Strongly motivated by the relevance for materials science, the 

moree fundamental studies of the atomic and electronic structures of hydrogen and 

hydrogen-relatedd centers have seen intensive activity since around 1985. As important as 

thee passivation process may be for the material properties, the direct observation of 

passivationn products is by definition difficult. Passivated defects do not have electronic 

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

maybee is the most striking form of hydrogen presence to easily escape detection. For this 

reasonn several of the powerful experimental techniques for defect study fail. An 

outstandingg technique for defect characterization as electron paramagnetic resonance, 

requiringg centers with non-zero spin, suffers from the handicap that passivation products 
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aree not detectable. Nevertheless, in several cases the passivation by hydrogen bonding is 

nott complete. For instance, this will happen for larger defects, such as multi-vacancies and 

interstitiall  complexes. In the category of double donors and acceptors the binding of one 

hydrogenn atom may lead to partial passivation, with the possible consequence of the 

conversionn of a double dopant into a single dopant. For transition elements with in many 

casess a high value of electron spin, the binding of a hydrogen atom will not render them 

diamagnetic.. Even, as an opposite effect, the binding of hydrogen can activate a center, 

suchh as the iso-electronic impurity carbon [2.9]. Altogether, a vast field for fruitful studies 

iss still left open. As a result, continued efforts with magnetic resonance over the last 15 

yearss have seen a number of successful investigations. In this chapter a brief review of the 

mainn results obtained is given confined to four main subjects, which are the isolated 

hydrogenn center, hydrogen-vacancy complexes, passivation of chalcogen double donors 

byy hydrogen, and the interaction of hydrogen with transition-metal impurities in silicon. 

2.22 Isolated hydrogen 

Thee most prominent magnetic resonance spectrum related to hydrogen in silicon, no 

doubt,, is spectrum Si-AA9 [2.17, 2.18]. The spectrum is produced both in float-zoned and 

Czochralski-grownn silicon following high-energy hydrogen implantation in the range of 7 

too 30 MeV and at the temperature of 80 K. After hydrogen implantation samples received a 

thermall  anneal at 195 K for 40 minutes. The spectrum is observable only under band-gap 

lightt illumination and best for high-purity zone-refined silicon. It has been identified as 

arisingg from a single neutral hydrogen atom on the bond-centered position between two 

siliconn atoms. A most important feature in the spectrum is the splitting of the main line in 

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

onee nucleus of spin ƒ = 1/2 and abundance of 100%, which must be identified as hydrogen. 

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

Replacingg the hydrogen atom by deuterium the number of hyperfine structure lines 

increasess to three, but the splitting almost collapses [2.7]. This is consistent with the 

nuclearr spin I = 1 of the deuteron and its smaller nuclear g factor, i.e., gd/gp = 0.15, 

providingg confirmation of the hydrogen involvement. In the spectrum also hyperfine 

interactionn with 29Si nuclei of the host crystal is discernible. The positions of these 

resonancess are indicated in figure 2.1. Their intensity is near 5% of the main line, which, 
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givenn the 4.7% abundance of the 29Si isotope, implies that two silicon atoms are present in 

thee center on symmetry-equivalent sites. Measuring the angular variation of the resonance 

fields,, patterns revealing the trigonal symmetry for the EPR center are obtained, for the 

finefine structure of the electronic Zeeman effect as well as for the hyperfine interactions with 

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

centeredd position, midway between two nearest-neighbor silicon atoms. In the model the 

hydrogenn atom occupies a site with inversion symmetry. The crystallographic pointgroup 

symmetryy is thus established as 3 m. 
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Figuree 2.1. Electron paramagnetic resonance spectrum of the Si-AA9 center observed in 

proton/deuteron-implantedproton/deuteron-implanted silicon. Observation conditions: Sample illumination, temperature 77 

K,K, magnetic field parallel to [100], microwave frequency 37.47 GHz. (a) Hyperfine interactions 

withwith H and Si are indicated by the arrows, (b) hyperfine structure in deuterium-implanted 

silicon.silicon. Adapted from Gorelkinskii and Nevinnyi [2.18]. 

Forr the quantitative analysis of the spectroscopic information the spin Hamiltonian 

HH = /feBtfe-S + 2j [-(// j /Ij)BI j + S-Aj-Ij] , (2.1) ) 
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iss appropriate, with index j indicating the magnetic nucleus (proton p, deuteron d, silicon 
29Si,, or muon u.). Principal values of the tensors, parallel and perpendicular to the threefold 

rotationn axis, are given in table 2.1. Substantial support to the model follows from studies 

off  the anomalous muonium atom, Mu* or U.V, in silicon, which forms an analogue of the 

neutrall  hydrogen on the bond-centered site. On the one hand, the muon can be considered 

ass a light isotope, mass m  ̂= 207.769 me, of hydrogen with mp = 1837.15 me; on the other 

hand,, as a lepton, it has gM = 2.0016 ~ 2. The muon spin rotation (jiSR) method allows the 

determinationn of the hyperfine interactions with muon and silicon nuclei [2.19, 2.20]. 

Results,, included in table 2.1, directly show that the hyperfine interactions with the 29Si 

neighborss nuclei are almost identical in Mu* and (HBc)°- On comparing the hyperfine 

interactionn with the proton in (HBc)° and the muon in Mu* one finds a^ctp = 2.93 and b^/bp 

==  3.01. This matches quite well with the ratio of the magnetic moments of muon and 

proton:: jL^Z/ip = {g^lm^ig^m  ̂ = 3.17. It may be concluded from these EPR results on the 

Si-AA99 center and the data for Mu* obtained by uSR that the structures of the two centers 

aree equivalent. Also included in table 2.1 are theoretical data based on first-principles 

calculationss of the hyperfine interactions [2.21]. The agreement with data from experiment 

iss satisfactory and in particular the signs of the interactions, positive or negative, are given 

byy the theory, allowing adjustment of experimental results. To these hyperfine coupling 

strengthss the usual analysis based on a wave function constructed as a linear combination 

off  atomic orbitals (LCAO) can be applied. With restriction to the hydrogen atom and its 

twoo neighboring silicon atoms the wave function is given by 

1?=1?= ^H(«H<J9HS + Al^Hp) + 77Sil(<2sil#Si3S + A n <^i3p) + ^Si2(örsi2<?%i3s + Ai2^i3p),(2-2) 

withh wave functions on the atoms normalised by a? + ft2 = 1. The isotropic parts a and 

anisotropicc parts b of the hyperfine interactions are related to the s- and p-type wave 

functions,, respectively, by 

fljflj  = (2/3)^Qge^BgnJ"N?7j2^2|^s(0)|2 (2.3) 

and d 

bb}}  = (2/5)(A>/47T)geJ"Bgn^N77j2^2<np"3>- (2.4) ) 
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Forr the two silicon atoms the analysis is straightforward. With a = -94.9 MHz and b = 

-22.00 MHz, and using the atomic parameters |psi3s(0)|2 = 31.5xl030 m-3 and o-Si3p
 3> = 

16.1xl0300 m"3 [2.22], one obtains %? = 0.24, a*2 = 0.095 and fe? = 0.905. Considerable 

spinn density is thus localised on the two nearest-neighbor silicon atoms in orbitals of strong 

p-typee 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, 

oppositee to the sign of b, which is at variance with equations (2.3) and (2.4). Appreciable 

admixturee of hydrogen p orbitals, as included in equation (2.2), is highly unlikely as the 

correspondingg states are high in energy. In equation (2.2) one must have fa = 0. The 

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

onn the silicon neighbor atoms. Accepting a point spin density distribution on these two 

atoms,, the anisotropy parameter b can be calculated from the equation 

b]b]  = (/A/4Tt)ge//Bgp//N m\2r~3  (2.5) 

Withh the calculated rjSi
2 = 0.24 on each atom and the observed b = 8.4 MHz the 

requiredd distance between hydrogen atom and silicon neighbor is found as r = 0.165 nm. In 

thee rigid lattice the hydrogen inserted on the BC site is at the distance of 0.118 nm from the 

siliconn neighbors. The slightly increased value found for the distance is consistent with the 

establishedd outward relaxation of the silicon atoms, theoretically calculated as being 0.041 

nmm [2.23] or 0.045 nm [2.24] and here experimentally determined as 0.047 nm, and the 

enhancedd p-type character of the orbital. In this description the spin density is localised on 

thee 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 diagram, as given by figures 2.2(a) and 2.2(b), shows the 

hydrogenn atom on the site of the inversion center. The orbital belongs to the a1u irreducible 

representationn in the pointgrouplm. For the hydrogen an isotropic hyperfine interaction 

withh a = -23 MHz is measured. In the LCAO analysis, using the equations (2.2) and (2.3) 

andd ignoring the problem of the minus sign, this results in (r/u)2 = 0.016. Although the 

calculatedd localisation is small, it is inconsistent with the a]u symmetry type of the orbital 

carryingg the unpaired spin requiring a node at the hydrogen site. A solution towards this 
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problemm is provided by considering all three electrons in the system as given in Refs. [2.25, 

2.26]. . 

(a) ) CO''  Oo 
Si i 
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(+-) ) 
4--
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# # 
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Figuree 2.2. Formation of a three-center bond for hydrogen in a bond-center site, (a) Schematic 

illustrationillustration of orbitals in the bond-centered configuration, (b) corresponding energy levels 

obtainedobtained from simple molecular-bonding (or tight binding) arguments for an elemental 

semiconductor,semiconductor, b and a indicate bonding and antibonding states. The paramagnetic electron 

occupiesoccupies the antibonding state, which has a node on the H atom at the bond center. After Van de 

WatteWatte [2.32]. 

Severall  other important features of the single hydrogen center in silicon have been 

studiedd by magnetic resonance. This includes defect alignment induced by uniaxial stress 

andd thermal relaxation [2.27], isochronal thermal annealing in dark conditions of (HBc)+ in 

thee temperature range 190-220 K, and of the Si-AA9 spectrum of (HBc)° under 

illuminationn between 110 and 130 K [2.18, 2.28-2.30], the stable position of H+ and H° on 

thee bond-center site versus the position of H"on the tetrahedral interstitial site [2.23, 2.31, 

2.32],, together with the negative-U character of the donor and acceptor levels rendering the 

neutrall  charge state unstable [2.24, 2.33, 2.34]. 
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Tablee 2.1. Hyperfine parameters from EPR and juSR experiments and from spin-density functional 

theory,theory, for the center Si-AA9 and anomalous muonium, Mu*. together with coefficients rf, or, and 

jfjf  from LCAO analysis. 

Center r 

Nucleus s 

A,A, (MHz) 

AALL (MHz) 

aa (MHz) 

bb (MHz) 

c? c? 

$ $ 

Method d 

References s 

AA9 9 

'H H 

-6.2 2 

-31.4 4 

-23.0 0 

8.4 4 

EPR R 

2.18 8 

Mu* * 

Mu u 

-16.82 2 

-92.59 9 

-67.33 3 

25.26 6 

u.SR R 

2.19 9 

Mu* * 

Mu u 

9.6 6 

-57.3 3 

-35.0 0 

22.3 3 

Theory y 

2.21 1 

AA9 9 
MSi i 

-139.0 0 

-72.9 9 

-94.9 9 

-22.0 0 

0.24 4 

0.095 5 

0.905 5 

EPR R 

2.18 8 

Mu* * 
5*Si i 

-137.5 5 

-73.96 6 

-95.1 1 

21.2 2 

0.23 3 

0.099 9 

0.901 1 

p.SR R 

2.20 0 

Mu* * 
2ySi i 

-128.0 0 

-63.5 5 

-85.0 0 

-21.5 5 

0.22 2 

0.09 9 

0.91 1 

Theory y 

2.21 1 

2.33 Hydrogen-vacancy centers 

Ass early as 1967 the SI EPR spectrum was observed, following 3 MeV proton 

irradiationn at room temperature and absent after neutron irradiation, for which production 

conditionss required the presence of hydrogen [2.5, 2.35, 2.36]. The spectrum corresponds 

too centers produced along the proton track with increasing density towards the end of the 

particlee range. Spin-Hamiltonian parameters for the <11 l>-axial defect are S = 1/2, gv, = 

2.0010,,  = 2.0103. In a 10-minutes isochronal anneal study the centers annealed out at 

temperaturess in the range 200-300 °C. The production was proportional to implantation 

dose.. In the higher resolution offered by Q-band EPR it was later discovered that the SI 

centerr actually is composed of several components, up to 5 in Czochralski silicon, with 

eitherr the trigonal or the monoclinic-I symmetry [2.18, 2.37]. Only recently the centers 

weree unambiguously identified as hydrogen related and their structure was unravelled in 

greatt detail. In this more recent literature the components of the SI group of spectra are 

noww labelled as VH°, Sla and Slb [2.6, 2.38]. Another spectrum, Si-B2, is very similar to 
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SI.. Both spectra belong to S = 1/2 centers with the trigonal symmetry, have equal g tensors 

withinn error limits, and equal temperatures for loss of spectra by thermal anneal, near 300 

°C.. It has therefore often be assumed that the two spectra are in fact identical. It is, 

however,, to be noted that in thee original paper the spectrum B2 has been observed after "NT 

andd P+ implantation [2.39] and in a later independent dedicated study also as the result of 

He+,, B+, C+ and N+ implantation and neutron irradiation [2.40]. In this latter case any 

specificc evidence for hydrogen presence was absent. This should leave open the possibility 

thatt B2 and SI are different, maybe quite similar, centers with accidentally the same 

characterizationn parameters. As another option, in view of the established frequent 

presencee of hydrogen in nominally pure silicon crystals, the possibility that samples were 

unintentionallyy contaminated with hydrogen is open as well. 

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

typee defects with hydrogen saturating a dangling bond [2.18]. In the most recent research 

thee detailed models for the SI centers were established. Spectrum VH° is related to a 

mono-vacancyy with one of its four dangling bonds saturated by a hydrogen atom. The 

centerr undergoes a Jahn-Teller distortion resulting in monoclinic-I symmetry, pointgroup 

Cih,, or m, as observed at low temperatures, below 45 K. In this case the presence of the 

onee hydrogen atom is established by just resolved hyperfine interaction. The deuterium 

hyperfinee splitting, which will be around 6.5 times smaller, remains unobservable as it is 

smallerr than the line width. In agreement with the model a strong hyperfine interaction is 

presentt with a unique silicon atom, isotope Si. At higher temperatures a motional effect 

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

symmetryy of the center, as observed when measuring the spectrum above 110 K. The 

transitionn in the temperature range is illustrated in figure 2.3 by spectra taken for B // 

[111].. The low-temperature monoclinic spectrum has the lines labelled A, B, and C. The C 

linee corresponds to centers with their Si~H axis parallel to the magnetic field direction. 

Theirr position does not change when the electron hops between the dangling or extended 

bondss of the other three silicon atoms. Lines A and B correspond to defect orientations 

whichh are inequivalent with respect to the magnetic field. 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 figure 

2.33 for the temperatures spanning the relevant range of interest. The activation energy for 

thee electron jump process is determined as Ea = 0.06 eV. Such a value is equal to the one 



166 CHAPTER 2 

measuredd for the same process in the phosphorus-vacancy complex (E center) with its 

EPRR spectrum Si-G8 [2.22]. This agrees with expectations, as the atomic and electronic 

structuree models for VH° and VP° have much in common. Spin-Hamiltonian parameters of 

thee VH° center are given in table 2.2. 

C C 
0 0 

c c 
O) ) 

</5 5 

12366 1238 1240 1242 

Magneticc Field (mT) 

Figuree 2.3. Spectrum of VH" at different sample temperatures illustrating the transition from the 

low-temperaturelow-temperature monoclinic-I structure at T = 45 K to the motionally averaged trigonal symmetry 

atat T = 145 K. At T = 225 K the SI resonances Sla and Sh dominate the spectrum. Microwave 

frequencyfrequency 34.778 GHz, magnetic field BI I[111J. After Bech Nielsen, et al. [2.38]. 

Inn the same way as discussed for the Si-AA9 center, an LCAO analysis wil l yield a 

mappingg of the electron spin distribution. For the single silicon atom, with the observed 

hyperfinee principal values An = —435 MHz and Ax = -275 MHz, corresponding with 

isotropicc value a = (A// +  = -328 MHz and anisotropic part b = (A// - Ax)/3 = -53 

MHz,, one obtains, using equations (2.3) and (2.4), rf = 0.60, d = 0.13 and fi =  0.87. A 

comparisonn with the corresponding numbers for the VP° center, rf = 0.59, a = 0.14 and 

ftft = 0.86 [2.22], confirms the close similarity of the two defects. From the large s-type 
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hyperfinee interaction on the silicon atom one concludes that the wave function has the Ag 

symmetryy type. The very small isotropic part of the hyperfine interaction with the 

hydrogenn atom, a = 0.2 MHz, indicated that no s-type spin density is located on the 

hydrogen.. In contrast to the similar situation for center Si-AA9 one can, however, not 

concludee that the hydrogen is located on a mirrorplane with a node for the wave function. 

Thee low spin density is the result of the strong Si-H bond accommodating two electrons 

withh opposite spin. As before for the Si-AA9 center, the LCAO analysis does not include 

anisotropicc orbitals on the hydrogen site. The anisotropic part of the hyperfine interaction, 

bb = (-A] - Ai + 2Ai)/6 = 4.15 MHz has to arise from distant spin density. The unpaired 

spinn on the unique silicon atom can fully account for this interaction for rf = 1 and r = 0.27 

nm.. With a Si-H bond length of 0.148 nm this fits perfectly in an undistorted vacancy 

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

latticee amounts to 0.47 nm, which is far too big. It confirms the compact model of a mono-

vacancyy center. Taking rf = 0.60, following the result of the silicon LCAO analysis, the 

requiredd distance to the silicon atom with the dangling bond becomes 0.22 nm. This shorter 

distancee can correspond to inward distortion of the unique silicon atom. 

Twoo more spectra belonging to the S1 group of spectra were observed following proton 

implantationn at temperatures below 130 K. The two spectra, labelled Sla and Sib, are 

single-electronn centers with S = 1/2, correspond to centers with monoclinic-I, near trigonal, 

symmetry.. The spin-Hamiltonian parameters, as given in table 2.2, are very similar to 

thosee of VH°. They are therefore interpreted as multi-vacancy centers in which hydrogen 

bindss to a dangling bond. The main spin density is in another dangling bond of the vacancy 

structure.. Only for Sla a hydrogen hyperfine structure due to one proton is observable in 

thee spectra; for Sib such structure is absent. The isotropic part of this hyperfine interaction, 

aa = 2.3 MHz, is again very small, indicating low spin density on the hydrogen atom. The 

anisotropicc part, b = 0.77 MHz, is explained by remote interaction with spin density on the 

danglingg bond, which, using equation (2.5), should be at a distance r = 0.47 nm. This fits 

perfectlyy with the geometry of a hydrogen in an undistorted di-vacancy. The Sla defect is 

thereforee identified as a V2H center in thee paramagnetic neutral state. For SH the model of 

aa tri-vacancy center with hydrogen, (V3H)0, is proposed, with the tetra-vacancy center 

(V4H)00 as a possible alternative. In these larger centers, with r = 0.65 nm and r = 0.84 nm, 

respectively,, the distant hyperfine interaction would be too small to give observable 

splittingg in the Sib spectrum. 
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Tablee 2.2. Spin-Hamiltonian parameters for the VH°, Sla, and SIb signals. Principal axes are 

denotedX,denotedX, Y, andZ, with Yparallel to the[11 0] axis, andXandZ in the (llO) plane, dis the 

angleangle between Z and the [110] axis. Principal values of "As, and AH are given in MHz. "Two 

equivalentequivalent silicon sites, Z is taken along [1 11] and [111]. bThree nearly equivalent silicon sites, 

ZZ is taken along [111]. 'Three nearly equivalent silicon sites, Z is taken along [1 11],[111 ], 

[111]. [111]. 

Term m 

g g 

AAH H 

llAASi Si 

22A* A* 

X X 

44AAS] S] 

5^Si i 

% i i 

Principal l 

Direction n 

X X 

Y Y 

Z Z 

9 9 

X X 

Y Y 

Z Z 

9 9 

X,, Y 

Z Z 

9 9 

X,Y Y 

Za a 

X,, Y 

Zb b 

X,, Y 

Zc c 

X Y Y 

Zc c 

X,, Y 

Zb b 

VH° ° 

2.0090 0 

2.0114 4 

2.0006 6 

32.4° ° 

-3.3 3 

^1.6 6 

8.5 5 

8.0° ° 

-275 5 

^ 35 5 

35.3° ° 

-27 7 

-34 4 

-25 5 

-40 0 

-11 1 

-14 4 

-6 6 

-8 8 

(Sla) ) 

V2H° ° 

2.0110 0 

2.0100 0 

2.0008 8 

31.0° ° 

1.4 4 

1.6 6 

3.8 8 

4.5° ° 

-268 8 

^120 0 

35.3° ° 

-41 1 

-4% -4% 

-22.5 5 

-36.5 5 

-10.5 5 

-13.5 5 

(Sib) ) 

V3H° ° 

2.0100 0 

2.0094 4 

2.0009 9 

33.2° ° 

-261 1 

-420 0 

35.3° ° 

-37 7 

-A3 -A3 

-23 3 

-32.5 5 

-10.5 5 

-15 5 

-A -A 

-6 6 
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Siliconn hyperfine interactions were measured for several shells of the (VH)°, S1a and 

Sibb centers. They allowed a detailed mapping of the electron spin density in the defect and 

showedd great similarity between the three centers, as reflected in the modelling. Both 

centerss Sla and SU anneal out at temperatures around 250 °C. Motional effects, as reported 

forr (VH)°, are not observed for the Sla and Sib centers. 

Tablee 2.3. Parameters of the Si-HVH and Si-SLJ spectra, ascribed to the orthorhombic-I centers 

(VH2)(VH2)00 and OV*, respectively, observed in an excited spin triplet state with S = 1 [2.44, 2.45]. 

HyperfineHyperfine interactions A are for the ' Si isotope of two silicon neighbor atoms. 

Spectrum m 

Si-HVH H 

Si-SLl l 

Model l 

(VH2)° ° 

OV* * 

Principall  values coupling tensors 

^[ioo]]  = 2.002 

An»]]  = - 3 4 8 

A//[\\\]A//[\\\]  — 2 20 

£[,00]]  = 2.0076 

A'oo]]  ——350 

A//[\u]A//[\u]  = 216 

gloii]]  = 2.005 

Aon]]  =-302 

== 114 

#01,]]  = 2.0102 

Aon]]  ="307 

== 112 

[̂0-1111 = 2.002 

ZVii ]]  = 650 

g[o-ii]]  = 2.0058 

D[o-n]]  = 657 

Unit t 

MHz z 

MHz z 

MHz z 

MHz z 

Givenn the strength of the Si-H bond one may expect that vacancy centers with their 

severall  dangling bonds, if unreconstructed, can accommodate more than one hydrogen. 

Suchh expectations based on simple chemical bonding arguments are corroborated by 

modernn self-consistent theoretical calculations for the mono-vacancy, which predict 

stabilityy of VHn complexes, with n = \-4 [2.41]. Experimental evidence for such centers is 

basedd on local vibrational mode spectroscopy [2.42, 2.43] and on optical detection of 

magneticc resonance (ODMR) [2.44]. In the latter study hydrogen/deuterium plasma-treated 

siliconn was electron irradiated. A magnetic resonance spectrum labelled HVH, was 

observedd corresponding to an orthorhombic-I center with electron spin 5 = 1. This is 

associatedd with a (VH2)0 center, which due to complete pairing of electron spins is 

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

inherentt in the ODMR method. Hydrogen hyperfine interaction is not resolved but is 

manifestt 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 2.3. Applying 

thee standard LCAO analysis, the spin density on the hydrogen is found to be a mere 0.9%; 
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itt is low, as usual, reflecting the full occupation of the Si-H bonds. The experimentally 

observedd S = 1 triplet state is formed by spins mainly residing on the silicon bond formed 

byy the two non-passivated atoms opposite to the hydrogen atoms in the vacancy; one finds 

thee localisation if - 0.68 for the two atoms together. Inspection of table 2.3 shows the near 

coincidencee of the parameters for the HVH and SL1 spectra, the latter spectrum 

correspondingg to the oxygen-vacancy complex (A center), which is also observed in an 

excitedd S= 1 state [2.45]. In both centers two of the vacancy dangling bonds are saturated, 

byy either two hydrogen atoms or one oxygen atom, the spin resides on an extended bond 

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

inn the electronic structure of the VH2 and VO centers such a close correspondence of 

parameterss follows reasonable expectations. It build on the similarity as observed for the 

(VH)°° and (VP)° centers, as discussed earlier [2.38]. On the proper interpretation of the Si-

HVHH ODMR spectrum contradicting opinions have been expressed [2.46-2.48]. 

2.44 Hydrogen-chalcogen centers 

Thee interaction of hydrogen with double donors, e.g., the chalcogen elements sulfur, 

seleniumm and tellurium, in silicon offers attractive opportunities for impurity-passivation 

studies.. In contrast to passivated single dopants, one expects the complexes formed by 

partiall  passivation of dopants with double valency to be observable in magnetic resonance. 

Thiss might be correlated with the binding of one or more hydrogen atoms to the impurity. 

Chalcogenn impurities represent well-studied substitutional double donors in silicon [2.49]. 

Earlyy passivation studies using deep-level transient spectroscopy (DLTS) showed that all 

chalcogenn double donors are passivated by binding hydrogen [2.11, 2.50]. Both band-gap 

levelss were removed and no new levels were reported. This means the full passivation of 

correspondingg levels by hydrogen. In contrast, in infrared absorption (IR) five donor states 

weree observed when hydrogen was diffused into sulfur-doped silicon [2.51]. Three of these 

spectraa displayed a hydrogen/deuterium isotope effect. 

Magneticc resonance experiments on the hydrogen passivation of sulfur-doped silicon 

havee been carried out as well [2.52]. Following the introduction of hydrogen by diffusion 

att high temperature in a wet environment of water vapor, the EPR spectra of sulfur and the 

sulfurr pair were replaced by two new spectra, labeled Si-NL54 and Si-NL55, respectively. 

Figuree 2.4(a) illustrates the spectra Si-NL54 and Si-NL55 over the full range of magnetic 
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field,field, whereas figure 2.4(b) shows the central part of the spectral region in higher 

resolution.. Following the interpretation of the spectrum as due to S-H complexes, the 

strongg central part, at around 817 mT in figure 2.4(a), corresponds to centers of sulfur 

isotopess with nuclear spin 1=0. The weaker four equal-intensity equidistant lines are due 

too the hyperfine interaction with the 33S isotope having nuclear spin I = 3/2. The relative 

intensityy of the side lines is consistent with the percentage of  33S isotope, in this case 

enrichedd to 25.5%. This observation indicates the presence of one sulfur atom in the 

centers.. Identification of the involvement of hydrogen in the Si-NL54 and SUNL55 centers 

iss more difficult . As the proton has nuclear spin 7=1 /2 and 100% natural abundance, one 

wouldd expect to observe the hyperfine structure of twofold splitting in each of the spectral 

lines.. However, in this case, the hyperfine interaction is small and is not resolved in the 

EPRR spectrum. The incorporation of hydrogen was only traced as a slightly different shape 

off  the spectra observed in hydrogen-doped and deuterium-doped samples. To observe and 

determinee the hydrogen effect, the higher resolution of ENDOR is required. 
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Figuree 2.4. (a) Electron paramagnetic resonance (EPR) and field-scan-ENDOR (FSE) scans of the 

Si-NL54Si-NL54 and Si-NL55 spectra of S-H complexes over a range of magnetic field also covering the 

regionregion of sulfur hyperfine splitting; magnetic field B // [100]. Sample doped with isotopically 

enrichedenriched sulfur to 25.5% of the 33S, nuclear spin I = 3/2. (b) Central part of the EPR and FSE 

spectraspectra ofS—Hfor B // [011 J. Resonance F shown in figure 2.4(a) is not related to sulfur. 
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Tablee 2.4. Spin-Hamiltonian parameters for Si-NL54 and Si-NL55. as obtained from computer fits 

ofof the ENDOR and the FSE angular dependencies. Electron spin S = 1/2, AHD, A"'D, QD , and 

QQLL are hyperfine and quadrupole tensor principal values for the H and D nuclei, As , A^. Qs. 

QQLL are hyperfine and quadrupole tensor principal values for the i3S nucleus. 

Parameters s 

g g 

AAs s 

4 4 
QQs s 

Qi Qi 

A" A" 

A'! A'! 

AAn n 

Al Al 

0° 0° 

QÏ QÏ 

Si-NL54 4 

1.9988611 4 xlCT5 

2.001266  4 xlCT5 

143.1+2.7 7 

137.77 + 2.7 

6.66 + 2.7 

^3.33 7 

6.281+9x100 J 

3.9366 0 J 

0.9599 + 3x10 J 

0.5911 + 3x10" 

-0.0488 +3 xlO"3 

0.0244  3 xlO"3 

SÏ-NL55 5 

1998233  4 xlO"5 

1.999744  4 xlO"5 

124.00 6 

117.99 6 

5.00 6 

-2.55 6 

5.8011 3 

5.5000 8 xlO"3 

0.8677  2 xlO"3 

0.8233 2 xlO3 

-0.038++ 2 xlO"3 

0.0199  9 xlO"3 

Unit t 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

MHz z 

Onn all spectra extensive ENDOR measurements were made, using both the standard 'H 

hydrogenn and the H deuterium isotopes with 100% enrichment. With all experiments 

carriedd out in a K-band spectrometer, with a microwave frequency of 23 GHz, the proton 

ENDORR is observed near the Larmor frequency 35 MH z and the deuteron spectrum near 

5.33 MHz. From the ENDOR data the identification of hydrogen as part of Si-NL54 and Si-

NL555 centers under  discussion follows in an unambiguous manner. In the identification 

bothh the field-shift method and the recording of full angular  dependence patterns was 

applied.. For  the case of ^H with / = 1 the nuclear  quadrupole interaction was measured. As 

onee single hydrogen trigonal pattern is observed, the incorporation of one hydrogen atom 

inn each center  is established. With all spectral components resolved in ENDOR, the 
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methodd of field-scanned ENDOR (FSE) utilizing ENDOR tagging of spectral components, 

cann be used for revealing underlying EPR. Results, as are given in figure 2.4(a) and (b), 

resolvee two separated centers Si-NL54 and Si-NL55, which are observed as a 

superpositionn in the standard EPR. Under the improved conditions of FSE the angular 

dependencee patterns of the individual components were recorded revealing the overall 

trigonall  symmetry of the centers. From these observations, the quantitative spectroscopic 

analysiss of data was made with an appropriate spin Hamiltonian. Both centers have 

electronn spin S= 1/2, corresponding to a single unpaired spin. As all observed interactions 

givee a <11 l>-axial pattern, the tensors, i.e., Zeeman splittings g, hyperfine interactions A 

andd quadrupole interaction Q, have the trigonal form. Parameters of these spectra are 

collectedd in table 2.4. Following the experimental observations, it is concluded that the 

partiallyy hydrogen-passivated sulfur centers have a <11 l>-axial structure. Assuming the S 

atomss to stay on their regular substitutional site the hydrogen atoms must find a position on 

aa <111> axis through this site. Three different types of site may be distinguished: between 

thee sulfur atom and a nearest-neighbor silicon atom on a bond-centered (BC) site, further 

awayy from the sulfur atom on the anti-bonding site of a nearest-neighbor silicon atom (AB-

Si),, or finally, close to the sulfur atom on an anti-bonding site (AB-S). Which of such 

positionss is actually taken by the hydrogen atom requires more subtle analysis of the 

hyperfinee and quadrupole interaction parameters. Alternatively, the defect modeling is 

basedd on state-of-the-art theoretical calculations. An early treatment, predicting full 

passivationn of the sulfur defect by one or two hydrogen atoms in forming complexes of 

monoclinicc or orthorhombic symmetry, is at variance with presented experimental data 

[2.53].. In more recent research the interstitial BC and AB-Si sites were found to be stable 

positionss for hydrogen, with a small energy difference only [2.54]. In both cases a bond is 

formedd with a nearest-neighbor silicon atom. This allows a plausible interpretation of 

experimentall  data by assigning the Si-NL54 spectrum to the S-H complex with hydrogen 

onn the BC site, with Si-NL55 belonging to the complex with H on the AB-Si site. 

2.55 Hydrogen-transition metal centers 

Transitionn metals are common fast diffusing impurities in silicon, easily present in the 

materiall  as an unintentional contaminant, due to, e.g., insufficient control over purity in 

processingg treatments. Nearly all of them introduce deep levels in the band gap of silicon, 
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inn this way having a profound effect on materials properties, in particular related to carrier 

recombinationn processes. Hydrogen atoms can be bound in the deep local potentials of the 

transitionn metal impurities and affect their properties substantially. Interaction between s 

statess of hydrogen with d states of transition metals will lead to new defects with a possibly 

basicallyy different electronic structure. It is certainly not obvious that hydrogen binding 

wil ll  lead to electrical passivation of these impurities. As a result of exchange coupling 

betweenn spins in the d shells of transition elements states of high spin, compounded from 

orbitall  and intrinsic spin momenta, are formed (Hund's rule). It is not to be expected that 

thee high spin will be nullified completely by binding one or more hydrogen atoms. 

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

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

Thee most detailed studies were performed on a center identified as [Pts-(Hi)2] , which 

iss observed in platinum-doped silicon after hydrogenation treatment typically for 24-72 

hourss at 1000-1250 °C [2.3, 2.55]. The spin resonance is described by electron spin S = 1/2 

andd shows the angular dependence of an orthorhombic-I symmetry center. The atomic 

structuree is derived on the basis of the observed hyperfine interactions. The presence of 

onee platinum atom is indicated by the resolved hyperfine splitting related to the 195Pt 

isotope,, nuclear spin I = 1/2 and natural abundance of 33%, resulting in the characteristic 

splittingg of the resonance in three components with the intensity ratio of 0.25 : 1 : 0.25. 

Presencee of two equivalent hydrogen atoms is revealed by triplet structure with amplitudes 

scalingg as 1 : 2 : 1 of all resonances due to the hyperfine fields created by two hydrogen 

atomss (spin I = 1/2, 100%). In case of deuteration (spin I = 1) the associated hyperfine 

structuree will have five components in the intensity ratio of 1 : 2 : 3 : 2 : 1, but their mutual 

separationn will be reduced by the factor 2//H///D = 6.5. Due to the smallness of the splitting 

thiss has not been observed in resolved form, only as an appropriate line broadening. The 

spin-Hamiltoniann parameters of the center are given in table 2.5. A small difference of the 

gg tensors and platinum hyperfine interaction was reported for the Pt-I-h and Pt-Ü2 centers 

[2.3].. Atomic models consistent with the observed symmetry and atomic constituents are 

givenn in figure 2.5 [2.56]. The model of the orthorhombic isolated Pt~ center has provided 

ann obvious starting point for modelling of Pt-F .̂ Positions of the hydrogen atoms follow 

traditionall  chemical bonding arguments and are consistent with their hyperfine interactions 

withh the defect electron. The isotropic part of hydrogen hyperfine interaction, a = 8.6 MHz 

[2.3,, 2.4], corresponds to a localisation of around 0.6% on each of the two protons. The 
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positionn of the hydrogen atoms on a nodal plane of the defect accounts in a natural manner 

forr this small localisation. The still present non-vanishing component can be discussed in 

termss of many-electron effects, as in the case of center Si-AA9. Anisotropic hyperfine 

interactionn with hydrogen nuclei must be due to electron spin localised on remote orbitals. 

Fromm the reported values b = 0.6 MHz [2.3] or b = 1.1 MHz [2.4] and with equation (5) a 

distancee r of 0.4 to 0.5 nm between electron and nucleus is calculated. Assuming one full 

electronn spin to be present in the core position of the defect, the large distance found favors 

thee hydrogen positions anti-bonding to silicon as sketched in figure 2.5(b). In experiment 

[2.3]]  hyperfine interactions with two 29Si atoms have indicated a 26% localisation on these 

neighbors.. In reality the wave function is therefore spread out over a larger region of the 

defectt and the quantitative aspects of the model calculation should be taken with 

correspondingg care. A most important question is about the electrical activity of the Pt-H2 

center.. This has been probed by monitoring the effect of Fermi level on the observability of 

Pt-H22 in its paramagnetic state. Fermi level changes were imposed by different platinum 

and/orr donor doping concentration, by electron irradiation creating compensating acceptor 

centerss and by illumination [2.4, 2.55]. As a result it was concluded that the paramagnetic 

statee of the complex corresponds to (Pt-H2)~, and that a level (Pt-H2)
27(Pt-H2r is 

positionedd between ECB - 0.045 eV and ECB - 0.1 eV and another level (Pt-H2)7(Pt-H2)° 

betweenn ECB - 0.23 eV and EVB + 0.32 eV. Hence, it must be concluded that hydrogenation 

off  platinum-doped silicon leads to the formation of a double acceptor center. Such 

conclusionss are in remarkable agreement with results of other studies. 

Fromm deep-level transient spectroscopy levels related to a Pt-H2 defect were reported at 

EQBEQB - 0.18 eV and £VB + 0.40 eV [2.57-2.59]. Very recently published theoretical results 

placee a first acceptor level at £CB - 0.45 eV, but do not report a (2-/-) level [2.60]. In 

additionn to the acceptor level the theoretical study finds a donor level close to the valence 

band,, thus describing Pt-H2 as an amphoteric defect. In the recent DLTS studies also 

electricall  levels related to Pt-Hi and Pt-H3 are identified. The center Pt-H4 is considered 

too be a fully passivated Pt center without electrical activity. In an early report on DLTS of 

hydrogenatedd platinum-doped silicon the full passivation of platinum was deduced [2.13]. 

Obviouslyy in contradiction to the more recent observations, it may have occurred that the 

levell  at ECB - 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 platinum-hydrogen 

complexess were investigated by optical absorption due to the local vibrational modes 
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(LVM )) of hydrogen [2.4]. Absorptions at 1888.2 cirf1 and 1901.6 cirf' were identified as 

anti-symmetricc and symmetric hydrogen stretching vibrations, respectively, in the 

paramagneticc state of Pt-H2. Corresponding pairs of bands for the PtHD and Pt-D2 centers 

aree at the frequencies 1894.6 cm"' and 1366.9 cm"1 for PtHD and at 1362.5 cm"1 and 

1370.77 cm" for Pt-D2. The isotope shifts confirm the presence of two hydrogen atoms in 

thee centers. Vibrational spectroscopy is not restricted to the paramagnetic state of the 

complex.. There are corresponding pairs of vibrations for the two other charge states. By 

varyingg the charge state of the defect, the changes in vibrational frequencies have helped to 

locatee the levels. Probing the thermal stability of the Pt-H2 center it was found that the 

EPRR spectrum anneals out by exposure to 500 °C for 3 hours [2.3] or to 600 °C [2.55]. The 

simultaneouss loss of LVM spectra indicates that both spectra are associated with the same 

centerr [2.55]. 

r^fr^f /—/" 
/!!  H / h / 

(a)) S' (b) \ ^ 

H H 

Figuree 2.5. Tentative models for the Pt-H2 complex in silicon, (a) in the left side of the picture-

hydrogenhydrogen terminating bonds inwards into the vacancy (hydrogen atom inside the cage, close to 

platinumplatinum atom) (b) on the right side—hydrogen atom pointing away from the platinum atom (outside 

thethe cage, bonds to silicon atom). Orthorhombic symmetry allows distortions of the center, which 

leaveleave the (011) mirrorplane symmetry. 

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

trigonall  [Pts-(Hi)2]3 center [2.3]. It is formed by hydrogenation of platinum-doped silicon 
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whenn a retarded quenching procedure is applied. Centers revealing the tendency of 

platinumm to coalesce into larger complexes with Si—Pt3 groups as building blocks have 

earlierr been identified [2.61, 2.62]. In the common way important atomic structure 

informationn is derived from the observed hyperfine interactions. For a center with three 

equivalentt platinum atoms a sevenfold line splitting should occur, each component 

correspondingg to a distinct total m\ in the range -3/2 to + 3/2, in steps of 1/2. Given the 

abundancee 0.33 of the magnetic isotope '95Pt the expected intensities must reflect the ratios 

0.011 : 0.13 : 0.57 : 1 : 0.57 : 0.13 : 0.01. As shown in figure 2.6 such a structure is actually 

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

theirr weakness they are below the noise level. 
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Figuree 2.6. Part of the Si-NL53 spectrum recorded with the magnetic field parallel to a [111] 

crystalcrystal direction, at the microwave frequency of 9.2164 GHz and at temperature T = 7.5 K. 

HyperfineHyperfine structure due to three platinum atoms (isotope Pt, I = 1/2, abundance 33%) and six 

hydrogenhydrogen atoms (isotope 'H, I = 1/2, abundance 100%) is exhibited. 

Ass also shown in figure 2.6, each of the '95Pt components has characteristic identical 

furtherr structure, which is caused by hydrogen hyperfine effects. As the number of 
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componentss in this latter structure is odd, there must be an even number of hydrogen nuclei 

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

atomss is deduced to be 6. Predicted intensities scaling as 1 : 6 : 15 : 20 : 15 : 6 : 1 are in 

goodd agreement with experimental line heights. Besides, six hydrogen atoms can easily be 

incorporatedd in a defect model of the required trigonal symmetry. Spin-Hamiltonian 

parameterss of the spectrum, known under label Si-NL53, are given in table 2.5. As for Pt-

H22 also for the present center the electron spin localisation on the hydrogen is small, again 

nearr 0.6%. 

Tablee 2.5. Principal values of the spin-Hamiltonian parameters for the hydrogen-platinum 

complexescomplexes Pt-H2, Pt-D2 and Si-NL53. 

Center r 

Pt-H2 2 

Pt-D2 2 

Si-NL53 3 

Tensor r 

g g 

AAFt Ft 

AAn n 

g g 

A* A* 

g g 

A* A* 

||| [100] 

2.1299 9 

175.7 7 

«9.8 8 

2.1319 9 

182.5 5 

giinm m 

2.5082 2 

432.7 7 

] ] 

III  [0111 

2.1683 3 

237.3 3 

=8.2 2 

2.1688 8 

239.9 9 

& i [ i i i ] ] 

2.0206 6 

327.3 3 

/// [lTo] 

l loTi ] ] 

1.9563 3 

541.2 2 

=7.9 9 

1.9554 4 

545.8 8 

349.4 4 

] ] 

Unit t 

MHz z 

MHz z 

MHz z 

MHz z 

Reference e 

[2.3] ] 

[2.3] ] 

Itt should be noted that in the defect model as presented in Ref. [2.3] the hydrogen 

atomss are not finding their positions on a symmetry plane with a node of electron density. 

Too explain the low spin density the effective pairing-off of spins in the hydrogen bond has 

too be invoked, as for several others of the hydrogen-related centers. As was found for the 

Pt-H22 defect, also the Si-NL53 center is observed as a so-called bulk defect in silicon 

sampless with minimum dimensions of more than 1 mm. Mechanically removing a layer of 

aboutt 10 urn thickness all over the sample surface did not notably reduce the signal 

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

bondedd using the introduction method of high-temperature diffusion. It is this bulk 
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passivationn that has allowed the powerful but less sensitive tools of optical and magnetic 

resonancee spectroscopy to be employed for defect characterization. This forms an apparent 

contrastt with other common introduction techniques as chemical etching, ion implantation 

andd plasma treatment. 

Deep-levell  transient spectroscopy has made substantial contributions to understanding 

thee reactions between hydrogen and transition elements. Besides gold and platinum, the 

hydrogenn interaction processes were studied for the 4d elements rhodium [2.63], palladium 

[2.58,, 2.64, 2.65] and silver [2.10, 2.58, 2.66] and for the 3d elements titanium [2.58, 

2.67],, vanadium [2.68, 2.69], chromium [2.69], cobalt [2.58, 2.70, 2.71], nickel [2.58] and 

copperr [2.72]. Reports on magnetic resonance characterization are scarce. They are limited 

onlyy to iron [2.73] suggesting a fruitful field of future research left uncovered. 
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