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The structure of chalcogen pairs in silicon 
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Abstract. The chalcogen pair centres (S-S)' and (Se-Se)& in Si were investigated with 
electron-nuclear double resonance (ENDOR). It was possible to resolve the superhyperfine 
interactions with 16 shells ( (S-S)- )  and 20 shells ((Se-Se)-) of "Si neighbours as well as 
with the central Se nuclei. From the analysis. it follows that in both cases the chalcogen 
atoms occupy substitutional lattice sites and are very slightly pulled to each other by bonding. 
The spin distributions of the monomer and dimer chalcogen centres are very similar and 
show largely a vacancy character. 

1. Introduction 

Chalcogen impurities in Si form deep-level donors with energy levels near the middle of 
the band gap. They are of technological interest for infrared detection and €or photo- 
voltaicprocesses. Chalcogens have been investigatedwith optical spectroscopy (Wagner 
et a1 1984) and by electron spin resonance (ESR) (Ludwig 1965, Grimmeiss et al1983) 
and electron-nuclear double resonance (ENDOR) in their singly ionised form (Si, Se+ 
and Te') (Ludwig 1965, Greulich-Weber et a1 1984a, Niklas and Spaeth 1983). From the 
latter investigation a detailed knowledge of the electronic structure of the ground state 
could be obtained from the resolved superhyperfine (SHF) interactions with many shells 
of Si neighbours. From the ENDOR experiments, it could not be decided whether the 
chaicogen ions reside m substitutional lattice sites or on the tetrahedral interstitial site. 
Self-consistent total energy calculations by Beeler et a1 (1985) showed, however, that 
the substitutional sites are energetically clearly favoured. 

The existence of chalcogen pair defects was also seen in the optical spectra (Wagner 
et ai 1984). However, from ESR alone (Worner and Schirmer 1984), it could not be 
decided what sites are occupied by the pair of chalcogen ions. It is the purpose of this 
investigation of the chalcogen pairs (S-S)' and (Se-Se)' to resolve with ENDOR the SHF 
interactions with the Si neighbours in order to determine the structure mode! of the pairs 
and to compare their electronic structure with those of the monomer defects. By means 
of photo-ESR and photo-ENDOR it was established that the pairs studied have the same 
energy levels as those known from optical experiments. 

Pair defects are of fundamental interest as the smallest clusters possible. So far, there 
is very little known about the detailed structure of any pairs in Si let alone about the 
electronic structure. It seemed therefore worthwhile to start such investigations with 
these comparatively simple chalcogen pairs. 
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2. Experimental details 

The crystals used in this study were partly prepared by Dr Zulehner (Wacker 
Chemitronic) by a vapour transport technique (Wagner e f  a1 1984, Diet1 et a1 1981) and 
ourselves. S and Se were diffused into B-doped Si (floating-zone material; resistivity 
2 d cm) at 1200 "C. The diffusion was carried out for between 24 and 72 h. More pair 
centres than monomer centres were obtained by slow cooling (100 "C h-l). Te could 
only be incorporated by the vapour transport technique. ENDOR experiments were 
carried out at T = 17 K in the approximate frequency ranges 3-20 MHz for the (S-S)+ 
pair defect and 2-300 MHz for the (Se-Se)' pair defect with a custom-built computer- 
controlled X-band spectrometer. For details of the ENDOR measurement techniques and 
the digital handling of the experimental data see Greulich-Weber et a1 (1984b). 

3. Experimental results 

The ESR spectra of S', (S-S)', Se' and (Se-Se)' defects could be measured. The spectra 
agreed with those previously published (Ludwig 1965, Worner and Schirmer 1984). The 
ESR spectra of the S+ and (S-S)+ defects as well as those for the corresponding Se defects 
overlzpped considerably. In order to establish that the new lines appearing in addition 
to the known S+ and Se- lines, respectively, are indeed due to pair centres, both photo- 
ESR and photo-ENDOR as well as ENDOR experiments were carried out. From optical 
data, it was found that the S' level is at E, + 0.58 eV, while the level E, + 0.8 eV was 
assigned to (S-S)- defects (Wagner eta1 1984). In a sample with a higherB concentration 
the Fermi level was below both levels so that they were not occupied. ESR measurements 
are then only possible after electrons are raised from the valence bands into these levels 
by additional illumination. Figure 1 shows the photo-ESR signal as a function of the 
photon energy for the S+ centre and the ESR line assigned to (S-S)?. The onset of ESR at 
0.58 and 0.8eV agrees very well with the energy levels assigned to these defects. 
Analogous experiments for Se+ and (Se-Se)' pairs showed the same correlation. Thus, 
by photo-ESR a correlation between the optically determined energy levels and the ESR 
spectra could be achieved. Figure 2 shows the photo-ENDOR effect for S+ and (S-S)+ 
defects. ENDOR lines of both centres appear simultaneously because of the ESR line 
overlap, if both levels are occupied. However, for illumination with light below 0.8 eV 
only Sf ENDOR lines appear. Inihis way also the ENDOR lines of the two different defects 
could be discriminated. 

For a pair centre with an axis exactly along [ l l l ] ,  there are three types of neighbour 
shell symmetry. 

(i) The neighbour shell contains only one Si atom, which is on the [ill] defect axis. 
This axis is the tensor z axis. The tensor is axial. 

(ii) The neighbour shell contains three Si atoms, which are located around the defect 
axis. They are related to each other by a 120" rotation around this axis. There is one free 
angle 6 describing the tensor z axis orientation in a (110) plane. The tensor is axial. If 
the static magnetic field Bo is in the (110) plane, the SHF interactions for two of the three 
Si neighbours are identical. 

(iii) The neighbour shell contains three Si atoms of low symmetry. There are three 
free angles 6 ,  rp, y ,  describing the tensor orientation in a (110) plane. The tensor is non- 
axial. 



Chalcogen pairs in Si 37 

2.5 

- 
1 
5 1.5 
Y 

0.5 

0.5 0.7 0.9 1 .I 
Energy i e V )  

Figure I. Photo-ESR signal as a function of photon energy for S' and (S-S)- centres in Si 
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Figure 2. Part of a photo-ENDOR spectrum showing 29si ligand interactions for s' (at 
5.25 MHz) and (S-S)- (at 5.5 MHz) defects in Si. 
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Figure 3. The largest "Si ligand interaction for the (S-S)- pair in Si showing a splitting with 
intensity ratios of 2:  1 which indicates that at least three Si ligands cause this interaction. 
Boll [100] + 4'towards [111]. 

A neighbour shell for a pair defect with central inversion symmetry contains twice 
the number of Si atoms of each symmetry type. 

Owing to the four possible [111] orientations of the defect axis in the Si crystal the 
angular dependence plot for the type (i) symmetry looks like a regular [111] neighbour 
shell symmetry. The pattern is very complicated for symmetry type (ii), if the tensor z 

spectrum of the largest SHF interaction, belonging to the nearest [ill] neighbours for 
the (S-S)' pair centre. The magnetic field orientation is [loo] + 4" towards 11111 in a 
(110) plane. The small splitting of the lines at 14.4 and 15.7 MHz into two components 
with an intensity ratio of 2 : l  clearly indicates that these lines correspond to type (ii) 
symmetry. There must be at least three Si nuclei causing this splitting. In fact there are 
six nuclei giving rise to the lines due to the central inversion symmetry. This splitting 
proves that we have indeed a pair centre and not a monomer centre, where four nuclei 
would be seen instead of three. 

As can be seen from table 1, no type (i) symmetry ligands were found at least down 
to SHF interactions of about 0.3 MHz. 

For the (Se-Se)' centres a hyperfine (HF) interaction with the 34Se nuclei (5.58% 
abundance; I = 3) is resolved by ESR and could also be measured precisely with ENDOR 
in the frequency range between 280 and 300 MHz. 

The Se-HF interaction measured with ENDOR shows that the paramagnetic Se centre 

2r.e~ 2re E Q ~  nrwicply  para!!e! r----- [!?I] di:ecti=ns. Figure 3 shows a pari of the ~yqija~ 
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Table 1. HF and SHF interaction data for chalcogen pairs in Si. The tensor angle 0 is given with respect to [110] 
directions or z 1 1  [ l l l ] ;  the angles 0 are 54.74" and 35.26", respectively. The symmetry of the shells where 0 is 
in parentheses c o d d  not be precisely determined. 

Si: (Se-Se)- Si: (S-S)' 

Type a b b' 9 ;J ~1 Type a b b' 0 y p  
(MHz) (MHz) (MHz) (deg) (deg) (deg) (MHz) (MHz) (MH4 (deg)(deg) (deg) 

i 
11 

11 

111 

11 

111 

... 

... 

iii ... 
111 

111 

111 

11 

11 

... 

... 

606.700 5.655 i 
21.690 5.440 0 35.4 11 

12.675 0.471 -0.096 57.8 11 

8.176 0.448 -0.105 21.6 -4.3 49.6 ii 
8.228 0.442 -0.062 21.6 111 

-3.106 0.264 0.178 55.3 20.6 -5.2 iii 
5.311 0.195 0.018 27.2 20.7 -0.7 iii 
1.469 0.078 0.005 50.2 19.2 -0.9 iii 
0.593 0.078 -0.035 48.2 65.8 -10.9 iii 
5.796 0.074 0.044 63.6 19.8 13.8 ii 
5.235 0.059 0.009 67.3 

-0.600 0.038 <0.002 21.8 111 

2.294 0.018 0.010 (61) 
1.956 0.018 -0.005 (23) 

... 

... 
111 ... 

0.897 0.017 -0.006 24.0 
1.179 0.015 -0.009 (21) 
1.049 0.003 <0.002 (61) 
0.429 <0.002 <0.002 (61) 
0.358 <0.002 <0.002 (61) 
0.303 <0.002 <0.002 (61) 

- 
23.854 
11.834 
8.441 
8.584 

-2.057 
5.345 
1.505 
0.432 
5.336 
0.668 
4.728 
0.929 
0.300 
1.083 
0.800 

- 
4.875 0 , 34.9 
0.428 -0.090 56.2 
0.460 -0.004 23.0 
0.442 -0.175 22.7 -5.3 49.8 

0.164 <0.002 26.8 2.1 0.2 
0.143 0.133 59.5 20.4 0.6 
0.051 <0.002 63.0 12.0 4.0 
0.048 <0.002 28.0 

0.030 0.007 67.0 25.0 11.0 
0.017 <0.002 (61) 
0.003 <0.002 (61) 
0.002 <0.002 (61) 
0.002 <0.002 (56) 

0.196 -0.026 58.8 9.9 -11.4 

0.032 -0.010 71.0 15.0 8.0 

is exactly oriented along a [111] axis. The HF data are in good agreement with those 
measured by Worner and Schirmer (1984) by ESR. Both defect atoms have identical HF 
interactions. 

In order to determine the SHF interactions with the 29Si ligands the angular depen- 
dences of the ENDOR lines were measured and analysed with the following spin Ham- 
iltonian: 

k 

where the symbols have their usual meanings. The results for both centres investigated 
are given in table 1 in terms of the isotropic SHF constants a and the anisotropic constants 
b and b'.  They are related to the principal values of the SHF tensor A by 

A ,  = U - b + b' A,, = U - b - b' AZZ = a + 2b. (21 
The constant b' describes the deviation from axial symmetry of the tensor A. The 

Euler angles 8, y and q in table 1 describe the orientations of the principal-axis systems 
of the tensors with respect to [110], [Oll] and [ lol l .  

Figure 4 shows an example of the excellent agreement between the angular depen- 
dences calculated with the data in table 1 (full lines) and the experimental EKDOR line 
positions (full squares) for the ( S - S ) &  defects. 

The symmetry of the neighbouring shells where 8 is given in parentheses in table 1 
could not be clearly identified owing to their very small anisotropic interactions. The 
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Figure 4. Example for the calculated anguiar dependences (-) and the experimental 
ENDOR line positions (E) for the (S-S)- pair defect. 

relative signs of a and b turned out to be different for some shells. From the experiments 
the absolute signs cannot be determined. 

The ENDOR analysis clearly shows that there are (S-S)' and (Se-Se)' pair centres 
where each S' and Se', respectively, is surrounded by three (110)-symmetry Si neigh- 
bours, which are in (1 10) mirror planes of the defect. Whether the two chalcogens 'share' 
a substitutional site (interstitial model) or are both on substitutional sites cannot be 
decided from the experiment alone. Because of the ligand symmetries found, it is not 
possible that one chalcogen is substitutional and the other one interstitial. The following 
discussion of the data will show that in both cases the chalcogen atoms reside on 
substitutional sites. 

We have not been able to observe (Te-Te)+ pairs despite many efforts to produce 
them. The failure to observe them is in agreement with recent theoretical calculations 
by Weinert and Scheffler (1987) in which it is predicted that (Te-Te)+ pairs are not stable 
while the calculation predicts stability for (S-S)' and (Se-Se)' centres. 

4. Discussion 

4.1, Structure model of the pair centres 

The SHF interzctions of both (S-S)+ and (Se-Se)+ centres are very similar (table l), 
which suggests that both pair centres occupy the same sites. The fact that they are indeed 
pairs follows from the exact [111] symmetry of the Se HF interaction and from the fact 
that there are three Si ligands with the largest SHF interactions in (110) symmetry (type 
(ii)) and not four as a monomer centre would have. 

An ESR identification of the (Se-Se)' pair defect by Worner and Schirmer was based 
on theintensitiesofthe~FlinesofbothSenucleiwhich both have thesame~~interact ion.  
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Figure 5. Model for (a)  an interstitial-interstitial pair defect and ( b )  a substitutional- 
substitutional pair defect. The symbols in the circles denote the “Si symmetry type explained 
in the text. 

Even with the high resolution of the ENDOR method, we observed no difference between 
the HF interactions of both Se nuclei. Since only one HF interaction was found, both Se 
nuclei must occupy equivalent sites or, in other words, the wavefunction of the unpaired 
electron must have a mirror plane perpendicular to the connection line between the two 
Se (S) nuclei. Therefore a combination of a lattice site and an interstitial site is not 
possible. There are only two possible sites for the chalcogen nuclei of the pair centre: 
either both occupy interstitial sites as shown in figure 5(a) or both occupy substitutional 
sites as in figure 5(b).  

In the interstitial model there would be two Si neighbours along the (111) chalcogen 
connection line as nearest neighbours and one would have expected to see type (i) Si 
nuclei with a pronounced interaction. No such interaction was found (table 1). In fact, 
if such an interaction existed, then it would occur only for SHF constants of a < 1 MHz 
and b < 0.03 M f i ,  which would be too low to have been detected. According to figure 
5(a) the type (i) nuclei are nearest neighbours to one chalcogen and to the three nearest 
Si of type (ii). It would be very strange that such a neighbour should have such a small 
undetectable interaction, while 20 shells were measured farther away from the chalcogen 
with larger interactions. From a comparison with Sf and Se+ monomer centres (Greu- 
lich-Weber etaZ1984a), one would also expect largerinteractionsfor anearest-neighbour 
Si. The minimum interaction which one would have to see for the two type (i) nuclei 
would be the classical point dipole-dipole interaction caused there by the unpaired 
electron distribution. The largest contribution would come from the three Si with about 
35% localisation as calculated from the measured SHF interactions (see below), which 
are nearest neighbours to the type (i) nuclei and from about 3% localisation at the 
chalcogen. This gives a value of approximately 0.25 MHz for b at site (i), which would 
easily have been detected, even if its isotropic SHF constant a is zero. We therefore 
exclude the interstitial model in agreement with theory, which predicts the lattice site 
model as the most stable (Weinert and Scheffler 1987). For the substitutional model 
(figure 5(b))  the type (i) nuclei are very far away. Their classical point dipole-dipole 
interaction is estimated to be b = 0.02 MKz. For a small a (which is expected there), 
such a shell could not be safely identified. Between the nearest-neighbour Si shells and 
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the symmetry type (i) neighbour, we expect 12 shells of symmetry types (ii) and (iii) 
from the lattice model in figure 5(b). Nine neighbour shells of symmetry types (ii) and 
(iii) could be clearly identified. 

For the nearest-Si-neighbour nuclei (type (ii)) the z axis deviates by 0.37" from the 
[ill] orientation for (S-S)' and by 0.2" for (Se-Se)' centres. This deviation can have 
two causes. 

(i) The two chalcogen atoms are slightly pulled towards or repelled from each other. 
(ii) Since both chalcogen atoms of the pair have the same unpaired spin density and 

both contribute to the anisotropic SHF interaction, a deviation from the [ill] orientation 
is expected. 

However the influence of the second chalcogen atom on the neighbours of the first 
chalcogen atom will be very small owing to the l / r3  dependence of the dipole-dipole 
interaction and the small spin localisation at the chalcogen atom itself (see below). If the 
spin distribution on both chalcogen atoms causes the major effect for the z axis deviation, 
then the (S-S)' and (Se-Se)' pairs should show the same angle since both spin distri- 
butions are almost identical. We conclude, therefore, that the distortion is probably the 
larger influence; since the deviation of (S-S)+ is nearly double that of (Se-Se>+ and since 
the ionic radius of S' is smaller than that of Se', it is expected that a small bonding 
distortion occurs in both cases and that it is smaller for the Se case. A repulsive distortion 
would be smaller for (S-S)' and it is physically not likely anyway in view of the pair 
formation. An upper limit of this effect of bonding distortion would be 0.015 A for 
(S-S)' and 0.008 A for (Se-Se)' as the deviation of each chalcogen atom from the lattice 
site towards each other. 

We therefore conclude that from the ENDOR investigation we can say that the two 
chalcogen atoms reside on substitutional lattice sites, are slightly pulled together through 
bonding and have a symmetrical ground-state wavefunction with a mirror plane per- 
pendicular to its connection line. 

4.2. Spin-density distribution 

There is no complete theory yet available for the interpretation of the experimental SHF 
data of the chalcogen centres. A calculation of the isotropic SHF constant by Ren et a1 
(1982) for S' centres showed that the wavefunction falls off monotonically over the first 
four sneiis followed by TWO osciliations up to the eieventh sheii in rather good agreement 
with experimental data (Ludwig 1965, Niklas and Spaeth 1983, Greulich-Weber et a1 
1984a). 

However, most of the unpaired spin density resides in Sip orbitals, giving rise to the 
anisotropic SHF constants. This was not calculated by Ren et al. 

There is no theory on any SHF data for pair centres. In order to get a rough idea of 
how the spin-density distributions of monomer and dimer centres can be compared the 
simple approach of the linear combination of atomic orbitals was adopted to describe 
the experimental findings. From the experimental data the localisation of the unpaired 
electron in the ith neighbour shell is calculated according to 

fif = (la,l/lafl + lb,l/Ibfl)N (3) 
with a, and bi the experimental values, a f  = 4150 MHz and b, = 101 MHz the isotropic 
and anisotropic constants, respectively, of the free Si atom (Watkins 1975) and NI the 
number of nuclei in each shell. 
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Figure 6 .  Spin-density distributions for Se- (e, ... .)  and (Se-Se)+ (0. ---) pairs in Si. 
For details, see text. 

The assumption of a monotonic decreasing spin density from the first shell (highest 
localisation) to the fourth shell enables an unambiguous assignment of the interactions 
to certain shells and distances. Figure 6 shows this for Se' (open circles) according to 
ENDOR data from Greulich-Weber et aZ(1984a). Because of the lower symmetry of the 
pair centres, it is not obvious how a comparison should be made. We have chosen the 
following representation: since the spin distribution of the pair centre is symmetrical 
about a mirror plane between two chalcogen atoms, it can be represented as a super- 
position of two monomer defects centred one at each of the two chalcogen atoms. In this 
way the unpaired spin density in the neighbours is aiislogous to those zf the mcn~me:  
centres; the relative geometry is not influenced. The shells of the pair defect are a 
combination of those of a monomer defect from which they were formed by symmetry 
lowering. In comparison with the monomer, there is a different number of nuclei in a 
shell, however, e.g. the nearest-neighbour shell contains six instead of four nuclei as for 
the monomer, Therefore the number of pair centre nuclei in the shells and centre was 
normalised to that of the monomers. The spin-density distribution thus obtained (figure 
6, full circles) shows a remarkable feature. From the second shell onwards, monomer 
and dimer centres differ very little in the spin-density distribution. The fact that for the 
pairs the nearest-neighbour density is about half that of the monomers is, of course, due 
to the distribution of the unpaired electron onto two chalcogen atoms instead of one. 
Thus the symmetry lowering of the pair in comparison with the monomer affects only a 
very small part of the lattice surroundings. 

Since for both the monomer and the dimer centres, there is only a small localisation 
of spin density at the centre (10% and 6% on both central pair nuclei, respectively), it 
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Figure 7. Spin-density distributions (a) for V- (A, ---) and Se+ (@, -) defects in Si and 
(b)for(V-V)- (A,---)and(Se-Se)'(@, .....) defectsinSi.Fordetails,seetext. 

is tempting to compare their spin distributions with that of the vacancy and the divacancy , 
respectively. ENDOR data for both are available (Sprenger et a1 1983, Sieverts et a1 1978). 
A difficulty is, that V- and (V-V)- are both Jahn-Teller distorted and have lower 
symmetries, as have the two chalcogen defects. However, if for a qualitative comparison 
one neglects these distortions and adds the spin densities of those ligands to one shell, 
which would exist without the distortion in a shell, as was done to compare Se' and 
(Se-Se)', figure 7 is obtained. i t  is indeed remarkable how similar the spin distributions 
of V- and Se' and those of (V-V)- and (Se-Se)' are. Since the spin distributions of the 
chalcogen centres themselves are almost indistinguishable, it can be said that both 
monomer and dimer chalcogen centres have a ground-state electronic structure which 
has a marked vacancy character. To our knowledge, this is the first time that this has 
been so clearly seen. There then remains the large question of why oxygen behaves so 
differently. So far, no substitutional Of nor a pair-like (0-0)' has been detected. 
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