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Abstract 

We report the first ab initio quantum mechanical investigation of the structure of the Es’ center in a-SiOz. 
Our calculations suggest that the unpaired electron is shared by only two Si atoms, irrespective of the Si 
cluster size. 
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I. INTRODUCTION 

The E< center was first observed in 100 KeV x-ray irradiated bulk Si02 containing a substantial 
amount of chlorine impurities [ 13. Later, T o h o n  et a1 [2] discovered this defect together with a previously 
reported [ 11 triplet-state defect in y-irradiated high-punty silica glasses. In recent years, the Es’ center has 
also been detected in buried oxide (BOX) layers formed by high energy 0’ implantation [3,4], in thermally 
grown buried oxide films [S-SI upon annealing, and in X-irradiated high-purity a-Si02 [9]. Despite its 
observation in a wide variety of amorphous Si02 (u-SiOl), the microscopic structure of this crucial defect 
center remains uncertain and surrounded by controversy. 

The characteristic features of the E; center as observed in the Electron Spin Resonance (ESR) 
experiments are the following: (i) A 100 Gauss (G) doublet hyperfine spectrum, (ii) a “nearly” isotropic g- 
tensor, (iii) the presence of 0-vacancies in the Si-0-Si network, which are found to promote its formation. 
The varying sample compositions and observation conditions in the various measurements have lead 
previous researchers to propose differing microscopic structure for this defect. Among the most realistic 
models are (a) a five-center tetrahedral Si-cluster with the unpaired spin delocalized over the four Si-Si 
bonds (Fig. l(a)) [3], (b) a four-center Si cluster formed by the close proximity of two unrelaved @e., the 
atoms are not allowed to move to their equilibrium position) mono-oxygen vacancy centers (Fig. l(b)) [lo], 
and (c) a simple unrelaxed mono-oxygen vacancy (Fig. l(c)) [2]. 
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Figure 1. The existing models of the E’6 center 

Due to the potential impact of the E&’ center on the performance of metal-oxide-semiconductor (MOS) 
devices and the uncertainq surrounding its microscopic structure, we have investigated the stability, 
electronic structure, and spin properties of the three proposed models (Fig 1) by first-principles quantum 
mechanical calculations. Our calculations suggest that the unpaired spin is not fully delocalized over the 
entire Si cluster, but tends to become primarily shored among a single pair of Si atoms, irrespective of the 
size of the proposed cluster. 

11. CALCULATIONS 

Model (a) (Fig. l(a)) is based on a tetrahedral cluster of five Si atoms, with a Si,-Si, bond distance of 
2.365A. The subscript “i” indicates the inner Si atom located at the center of the tetrahedron and “0” 
indicates the outer Si atoms located at the vertices of the tetrahedron. The valency of the outer Si atoms 
(Si,) was saturated by tetrahedrally bonded H atoms, with Si,-H bond distance of 1.479 A. Model (b) (Fig. 
I(b)) was built from model (a) by simply removing the Si atom from the center of the tetrahedron, the four 

2 



?- 

Si, atoms remained in a purely tetragonal configuration (no relaxation). Model (c) (Fig l(c)) was built 
from a regular (OJ3)3Si-O-Si(OH)3 cluster by removing the bridging oxygen, again without allowing the 
other atoms to relax. In case of model (c), the following geometrical parameters were used: R(Si-Si)=3.089 
4 R(Si-0)=1.625 A, and R(O-H)=0.941 A; <OSiO=l09', <HOSi=112'. All calculations were performed 
by the ab initio Hartree-Fock method employing a Double-Zeta plus Polarization (DZP) Cartesian 
Gaussian basis function. 

The geometry of Model (c) was obtained from ab initio DZP structure optimization of the neutral 
precursor. The calculations of the parmagnetic defect centers (Fig. 1) were performed by spin- 
Unrestricted Hartree-Fock (UHF) method, which allows a single determinant wave function of the ms=1/2 
electrons and ms=1/2 electrons from separate solutions of the Schrodinger equation. Such a solution 
allows the calculation of spindensity matrix, p as 

where, Pa and Ps are the density matrices for the a-spin (ms=1/2) electrons and ,@spin (ms=-1/2) electrons, 
respectively, calculated as 

The isotropic hyperfine coupling constant is calculated as 

p = p =  - p p  (1) 

p" = c"c"*;pB = cap*. (2) 

P V  
J 

and the elements of the anisotropic hyperfine coupling tensor are calculated as 

(4) 
1 
2 q. = - g e P e g N P N  (c si' P p v  ( 4 p  Iris (3rfirv - 'i6q >I # p  ) * 

PV 

In the above equations, C" and Cp are the eigenvector matrices for a-spin electrons and the p s p i n  
electrons, respectively, obtained from a self-consistent field solution of the UHF equations, g, is the 
electronic g-factor (taken as 2.0023), gN is the nuclear g-factor, pe is the Bohr magneton, & is the nuclear 
magneton, S, is the z-component of the electron-spin angular momentum, s is the number of free electrons, 
8 (in Eq. 3) is the Dirac delta hnction, rN is the position vector of the spinning electron with respect to a 
magnetic nucleus N, 9 represents the one-electron wavefbnction, and the summation indices p, v take values 
from 1 to the total number of one-electron functions. In Eq. (4), dj is the Kronecker delta and i,j (=x,y,z) 
represent the Cartesian coordinates. All UHF calculations were performed on rigid atomic clusters, i.e., 
atomic relaxation of the clusters was not permitted. 

III. RESULTS AND DISCUSSION 

The calculated spin density and "Si hyperfine coupling constants for model (a), (b), and (c) are listed in 
Table 1. It is evident from the results that the electron spin in model (a) is distributed in an asymmetric 
fashion over the five Si atoms. The central Si and two equivalent Si atoms have a negative spin density 
indicating an excess of ,B electrons on these centers. While the other two outer Si atoms have substantially 
smaller amounts of positive spin density than what would be expected from the value of the experimentally 
observed hyperfine splitting of 100 G [1,2,9]. A somewhat similar scenario is presented for model (b), 
where two pairs of equivalent Si atoms asymmetrically share the spin density. In model (b), however, the 
magnitudes of the positive spin density and the isotropic hyperfine coupling constants (-103.33 G and - 
105.86 G) on two nearly equivalent Si atoms are close to the experimentally obtained value for the 
hyperfine coupling constant of the Es' center. Finally, we note that a similar agreement is found for the 
calculated 29Si hyperfine coupling constant for the unrekxed 0' vacancy in model (c). 
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Table 1. Calculated spin density at the nucleus, p”, isotropic hyperfine coupling constant, a (G), and the principal 
components of the anisotropic hyperfine coupling tensor, T (G). 

It is important to note that the quantum mechanical calculations as presented here are performed on 
isolated structures in vacuum, so the effects of the surrounding atomic network on the electronic properties 
and hyperfine interaction are not accounted for. This may obviously lead to certain discrepancies between 
the calculated parameters and those derived from experimental data. However, since hyperfine interaction 
is a strongly localized short range property, the current models should be able to reproduce the local 
environment of the interacting paramagnetic centers quite accurately. Therefore, we expect the spin density 
and hyperfine coupling constants calculated on our limited clusters by the ab initio UHF method to be 
reasonably accurate. 

We now analyze the proposed models in the light of our calculated values of the spin density and the 
hyperfine coupling constants. First of all, the spin density calculations show that the unpaired spin is not 
delocalized over the entire cluster but becomes preferentially localized on a single pair of Si atoms, 
irrespective of the size of the proposed Si cluster. Such a distribution of the spin on a single pair of Si 
atoms and the distortion of the electronic cloud from a high symmetry (Td) structure to a low symmetry 
(C, or C,) structure can be easily explained by the Jahn-Teller effect [lo]. However, it is difficult to 
envision how such a configuration could explain the experimentally observed lack of g-tensor anisotropy 
for the ES’ defect. To achieve g-tensor isotropy, one may suggest that the unpaired spin can hop from Si 
pair to Si pair in models (a) and (b) on a time scale that is short compared to the time resolution of the EPR 
experiments. In case of such “hopping” mechanism, EPR would only be able to sense the isotropic averagc 
of the separate equilibrium states. Finally, it follows from table I that the hyperfine coupling constant 
values appear to favor the 2-atom and 4-atom cluster models, rather than the 5-atom cluster model. 
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IV CONCLUSIONS 

We have performed ab initio Hartree-Fock calculations of electronic structure and spin properties of 
(a) five-atom Si cluster, (b) four-atom Si cluster, and (c) a two-atom unrelaxed 0-vacancy center, in order 
to establish a microscopic model for the E*’ center in a-Si02. The calculations show that the unpaired spin 
is not delocalized over the entire cluster but is preferentially localized on a single pair of Si atoms, 
irrespective of the size of the proposed Si cluster. 
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