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EOARD CONTRACT No. F61775-00-WE001

First principle calculations of electrical levels for radiation induced defects
in amorphous SiO,

FINAL REPORT
A. L. Shluger and P. V. Sushko
1. Introduction

The current understanding of defects induced due to high-energy radiation in space is inadequate for
making predictions about various options for device fabrication. In the past several groups have been
successful in calculating ground state properties of radiation-induced defects such as hyperfine
tensors measured in electron spin resonance 13, However, the most common measurements
performed during radiation testing of semiconductor devices are electrical in nature, such as
capacitance-voltage, conductance-voltage, and deep-level transient spectroscopy. Thus, knowledge of
electrical levels (energies in the band gap where charge states change) would be very useful,
especially for cases where the nature of the defect has already been determined. So, for example, it
would be very useful to know the electrical levels for the E’ centers in a-Si0,, as these defect have
been cited as important in electron tunnelling, and as a possible electron trap % 3. In other cases,
where the defect has been inferred, an accurate calculation of electrical levels could help to predict
whether the defect will be observable in a spin active state, and whether multiple charge states exist in
the gap. An important example of these are the various charge states of Hydrogen in SiO,. Accurate
values for these electrical levels require careful treatment of both local interactions between charge
carriers and the defect, and long-range polarisation effects induced by the presence of an excess
charge carrier. The former have been typically well handled through careful quantum chemical
treatment of the defect and its immediate environment, either through cluster calculations, or through
a supercell calculation in the neutral charge state. In the charged states, both cluster- and band
structure- methods have intrinsic difficulties. The cluster methods, by themselves cannot account for
long range effects. The periodic methods employ small periodic cells and must use constant
background charges so that lattice sums can converge. Thus, the long-range polarisation effects are
not treated well either. '

Therefore the objectives of this project were: 1) To develop further an embedded cluster method
where the long range polarisation effects are included explicitly and accurately; and 2) to study the
geometric electronic structure, stability and properties of proton and H centres and anion vacancies in
o-quartz.

2. Embedded cluster method

The embedded cluster method developed in our group and implemented in the GUESS computer code
69 allows us to study point defects in crystals and amorphous solids combining quantum mechanical
treatment of atoms surrounding a defect with the shell model '° representation of the rest of the solid.
It provides the consistent Madelung potential at the site of interest and allows us to account for both
ionic and electronic contributions to the polarisation of the defect environment.
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In this approach, the infinite system with a single point defect is divided into several regions, as
shown in Fig. 1. A spherical region I includes: i) a quantum cluster with a defect and surrounding
atoms treated quantum mechanically; ii) an interface region, which connects the quantum cluster with
the rest of the solid treated classically; iii) a classical region, which includes up to several hundred
atoms. Region I is surrounded by a finite region II, which is treated atomistically, and region III,
which is treated in the approximation of polarisable continuum. Region III conforms geometrically to
the boundary between regions I and II but extends to infinity (see Fig. 1). The classical ions in regions
I and II are treated in the shell model and interact between themselves via inter-atomic potentials !'.
Both quantum and classical atoms in region I are allowed to relax in the course of calculations. Atoms
in region II are kept fixed in their ideal, bulk positions and provide correct variations of the
electrostatic potential inside the region . Region III is used to calculate the polarisation energy of the
infinite lattice due to the presence of a defect in region I using the Mott-Littleton approach. Our setup
is very similar to the original Mott-Littleton method of calculating point defects in polar solids '2. It
has then been refined in GULP '3 and similar atomistic codes, as well as in the ICECAP embedding
scheme '* 15, The original computation scheme implemented in GUESS and applied to defect studies
in ionic crystals has been described in refs. % 1°, One of its main advantages is that it allows us to
calculate forces on quantum mechanical and classical ions and simultaneously optimise their
positions using an effective energy minimisation scheme.

Quantum cluster

Intertace

Shell model region
Border of region |

Region Il atomistic, finite
Region [I1: continuum, infinit{

Regions Il and Il match
at the border of region |

Figure 1. General setup used for the embedded cluster calculations using GUESS. See text for details.

In this project, for the first time, we apply this scheme to an ionic-covalent system, o-quartz, which
has directed bonds. Such systems present a challenge for cluster calculations due to the dangling
bonds formed at the cluster border. The electronic states associated with these bonds strongly perturb
the cluster electronic structure and make it a poor mimic of an infinite system. To avoid problems
assiciated with the dangling bonds, the latter have to be saturated. Usually real or pseudo-Hydrogen
atoms are used for this purpose. This method is discussed in detail in ref. 17. Our approach is
different in that it embeds a quantum (QM) cluster into a continuous crystal instead of treating it as a
molecule. Therefore the interface atoms play a special role in this procedure as described below.

All QM clusters in our calculations are coupled with the classical environment via Si atoms, which
satisfy the following condition: one neighbouring O atom always belongs to the QM cluster and the
other three neighbouring O atoms belong to the classical environment. QM clusters built following
this rule are always stoichiometric. These interface Si species are called pseudo-Si atoms (Si*) and
perform dual functions, as illustrated in Fig. 2.



For the electrons and cores inside the QM cluster they look like a one-electron atom with the effective
charge equal to that on a regular lattice Si atom and an sp orbital centred on it. Since effective charges
on Si atoms in quartz are about +2.4 |e| (e is the electron charge) it represents a strong attractive
centre for cluster electrons. To compensate locally the resulting strong electrostatic potential, an
effective repulsive electronic potential V(r) = Axexp(-Br) is added to mimic a screening of the Si*
core potential by valence electrons. The parameters of this potential and of the basis set for the Si*
atoms were optimised to satisfy the following conditions. i) The electronic charge is evenly
distributed within the QM cluster or, in other words, the effective charge modulus on Si* is
approximately equal to Y of that on regular quantum Si atoms and % of that on quantum O atoms. ii)
The electronic states associated with Si* atoms do not have substantial contributions at the top of the
valence band or at the bottom of the conduction band. The short-range interaction between the
boundary Si* atoms and their nearest Oxygen neighbours in the QM cluster is modelled using a
Morse-type classical potential, which ensures a good approximation of the inter-atomic distance
between the two species. This approach effectively describes one Si* - O bond directed inside the QM
cluster (see Fig. 2).

Classical region Classical oxygens

Classical Si* (3/4
Quantum Si* (1/4)

Figure 2. Model for the interface between the quantum mechanical cluster and the classical environment.
The boundary Si* atom is split into quantum mechanical and classical parts.

A second function of Si* atoms is to interact with the shell-model ions outside the QM cluster. This
interaction has Coulomb and short-range components. The interaction of point charges representing
cores and shells of classical ions in regions I and II with the electron on the sp-orbital of Si* is
included in the Fock matrix via the matrix elements of the same type as the electron-nuclei
interaction. In addition, these ions interact classically with the %th of the effective charge of the
classical Si ion also centred on Si*, Thus Si* might be envisaged as comprising % from quantum
parts and ¥ from classical parts (see Fig. 2). Note that the effective charge of Si* can vary, as it
depends on the population of its sp-orbitals. The short-range terms are described by inter-atomic
potentials !!. These, originally rigid ion potentials, were modified by including shells on Oxygen ions.
They are also used in order to describe the interactions between the classical atoms in region I and
between the classical and quantum atom. The latter are introduced in order to mimic the exchange and
resonance component of the interaction between the classical and quantum atoms across the QM
cluster boundary. The expression for the total energy of the system is given in Appendix A.




The electrostatic potential produced by classical ions in regions I and II depends on their effective
charges, which are parameters of inter-atomic potentials. The potentials '! used in this work have
been fitted using fractional ionic charges (Qs; = 2.4 e, Qo = -1.2 e) to reproduce accurately several of
the SiO, polymorphs. These ionic charges have been obtained from ab initio calculations of small
clusters using the 6-31G* basis set '!. As is shown below, these charges are fairly close to those
obtained in our embedded cluster calculations using Natural Population Analysis (NPA) '8, The latter
depend, however, on a basis set. In a fully consistent approach, the charges on ions in QM cluster and
these on classical ions in the perfect lattice should be the same. In the present work we tried many
different basis sets and this condition is not fully satisfied for all of them. Nevertheless we believe
that this does not affect our qualitative conclusions regarding the extent and character of the lattice
relaxation around the defect.

Region I+l may have different shapes, but should be neutral and have zero total dipole moment. To
build this region we used Si(O,.), units, which provide convenient stoichiometric elements with a
very small (often practically zero) dipole moment. With this choice, a spherical region [+1I gives the
fastest convergence for the electrostatic potential. In our present calculations, region I+II has radius
30 A and contains 9270 atoms. The finite size of the system results in a spread of the electrostatic
potential at atomic sites, which should be equivalent in the infinite crystal. For the region I+II used in
this work, the spread of the potential within the region I was less than 0.01 eV, which indicates that
the system was large enough to model the infinite crystal. In most calculations discussed below the
region I had the radius of 13.07 A and contained 718 atoms.

Because region II remains fixed, its geometric structure can affect the positions of atoms in region I
and in the QM cluster when they have been allowed to relax in defect calculations. In building region
I+II one has a choice of the experimental structure or those determined in shell-model and quantum-
mechanical calculations of the perfect system in periodic model. These structures differ slightly and
we checked the effects of these differences on defect properties. For that purpose we performed
periodic calculations using the GULP code !? and optimised the geometry of o-quartz with the pair-
potentials !!. Then the region I+II was built using these geometric parameters and the defect structure
and formation energy were calculated. The same procedure was repeated using the best a-quartz
structure found in the Hartree-Fock CRYSTAL calculations !°. The thus calculated formation
energies differ by less than 0.03 eV. The shell-model ions in perfect a-quartz are polarised, i.e.
positions of ionic shells differ from positions of cores, which results in a small dipole being
associated with each ion. We have also checked that these small dipoles do not affect the results of
defect calculations and one can treat region II in a point ion model.

The GUESS code provides an effective interface between the classical treatment of the rest of the
system and the quantum mechanical treatment of QM cluster using the Gaussian98 code 2°. The
electronic structure of QM clusters was calculated using the Unrestricted Hartree-Fock (UHF) method
and different standard basis sets ranging from STO-3G to 6-311G* for both Silicon and Oxygen
atoms. QM clusters of different sizes and topology have been considered in this project: Si;0,Si%s
(cluster#1), Sig0,sSi* s (cluster#2), Sijo0s0Si*z0 (cluster#3), and Si;s048i% (cluster#4) with the
Oxygen atom in the centre (see Fig. 3). Note that all these clusters are stoichiometric, i.e. the ratio of
the numbers of Oxygen and Silicon atoms (Si* being % of a Silicon atom as discussed above) is equal
to 2. Indeed, each boundary Si* atom is treated as a Siju species and, therefore, each cluster can be
viewed as built from Si,,40,, bond-like elements, which are stoichiometric. When increasing the
cluster size we aimed to satisfy the additional criterion that the cluster must be compact. The
compactness of a given cluster can be defined as the ratio 1 = Nejuster/Nerystat, Where Nejygeer is the sum
of quantum mechanically treated nearest neighbours for each atom in the cluster and Nyys is the sum



of all nearest neighbours of the cluster atoms in the crystal. For the infinitely large cluster n = 1; for
the clusters used in the present study, 1 increases from 0.58 for the cluster#1 to 0.72 for the cluster#4.

vacancy site ‘ vacancy site

Figure 3. Quantum-mechanical clusters used in the calculations of the neutral Oxygen vacancy (shown in
the same projection). a) Si,0,Si ¢; b) SigO2sSi 153 €) Sijg030Si'20; d) Sis046Si . Additionally, all figures
show the vacancy site (empty circle), b) shows Si atoms Al and A2, which form Si-Si bond after the
vacancy is relaxed (see also Figs. 6 and 7).

To test our embedding scheme we carried out so called “perfect lattice test” calculations for each
cluster. In these calculations a non-defective QM cluster was embedded in the rest of the lattice and
the whole system was allowed to relax. In the case of ‘ideal’ embedding, no atoms in region I should
displace from their original sites. In practice, we observed a relatively small relaxation associated
with the interface region, where the maximum displacements of atoms, changes in the inter-atomic
distances, and changes of the “soft” Si - O - Si angles with respect to their original values were less
than 0.15 A, 4%, and 5% respectively. Distortions in the rest of the system were at least 3 times
smaller. We also checked that after relaxation the electronic structure of the cluster did not undergo
any noticeable modification, i.e. there was no change in electron density distribution within the QM
cluster or in the density of states.



3. Results of calculations

The technique described above was applied to theoretical modelling of Hydrogen centres and neutral
Oxygen vacancy in a-quartz. Two types of Hydrogen centres were investigated: i) an H' centre or a
proton, and ii) an H™ centre. These calculations were performed using an embedded cluster Sis0,6Si 1,
similar to the cluster shown in Fig. 3(b) and cc-pVDZ basis for Hydrogen ion and 6-31G basis for Si
and O atoms. The geometry optimisation demonstrates that the H' ion gets attached to a bridging
Oxygen species, whereas a negative H™ ion prefers to be strongly attached to a framework Si atom.
The local atomic structures of these centres are shown in Figs. 4 and 5. One of the aims of this part of
the project was to test the performance of the new technique before applying it to more complex
systems. Therefore we have calculated the geometric structures of both centres and compared the
results with the recent periodic Density Functional Theory (DFT) calculations of these centres 21,
The H' and H™ defects are thought to be responsible for electron charge transfer within semiconductor
devices. Therefore, we have also calculated the electronic properties associated with ionisation and
attachment of an additional electron to the H and H' centres, respectively

H' centre. The optimised geometry for the H centre is similar to the results of previous theoretical
studies. The proton is attached to the bridging Oxygen so that thus formed OH species is oriented
towards the main o-quartz channel (see Fig. 4). The character of the electron density redistribution
suggests that about 0.4 of an electron is transferred to the proton forming an OH bond. Further
analysis of the molecular orbitals of this system provides an additional evidence for the bond
formation. Comparison of the local atomic structure with the results of the recent periodic DFT
calculations 2! (see Table 1) demonstrates that they are almost identical. We should note that the DFT
calculations were made in a 72 atom periodic cell whereas our calculations are performed in a three
times smaller cluster, which treats quantum-mechanically only the local defect structure. Therefore
this agreement demonstrates a good quality of the embedding potential.

0.64 -1.21

Figure 4. Local geometry and charge distribution (atomic charges of H and O atoms are shown) for the
H" centre in a-quartz. See also Table 1.

The calculations show that H centres have a positive electron affinity (EA) and thus can
serve as electron traps. The electron affinity is difficult to measure experimentally and therefore
accurate theoretical predictions are important. The calculated vertical EA depends on the method of
calculations. We have studied the effect of the crystalline environment and the lattice polarisation on
the calculated EA. Our results demonstrate that i) a molecular cluster model, which fully neglects the
long-range crystalline environment of the centre, gives an electron affinity of only 0.7 eV, ii) if the



crystalline potential is correctly accounted for, the EA increases to 2.5 eV; and iii) the EA further
increases to 3.0 eV if the electronic part of the lattice polarisation is taken into account.

H' centre. The H centre consists of a negative Hydrogen ion attached to a Si ion making it five-fold
co-ordinated. The attached H" ion causes the strong reorientation of four Si — O bonds of the non-
defective SiO, tetrahedron. In the relaxed configuration the Hydrogen ion occupies a site in the plane
of the central Si and two equatorial Oxygen atoms, O, (see Fig. 5). Two other (axial) Oxygen atoms,
0., relax so that the O, — Si ~ O,, angle is much larger than the typical angle within an ideal SiO,
tetrahedron unit in SiO, polymorphs. The details of the local atomic structure are summarised in
Table 1. Comparison with the periodic DFT calculations 2! suggests that the two different approaches
give the same configuration and very similar inter-atomic distances and angles with the exception of
the Si — O, distances. The charge density redistribution is such that more than 0.6 electron is
transferred from the H ion, which indicates formation of a Si — H bond. The calculated ionisation
potential for the H™ centre is equal to 3.4 eV.

2.36 0.34 -

Figure 5. Local geometry and charge distribution (atomic charges of H and Si atoms are shown) for the
H’ centre in a-quartz. See also Table 1.

Table 1. Parameters of the local geometry of the H and H™ defects in a-quartz.

H' centre This work Ref. [21]
Dist(H-0), A 0.983 1.017
Dist(0-Si), A 1.775 1.773
Ang(Si-O-Si), deg 135.2 134.5
H centre This work Ref. [21]
Dist(H-Si), A 1.456 1.508
Dist(Si-O,), A 1.784 1.757
Dist(Si-Og), A 1.697 1.994
Ang(0,-8i-0,y), deg 169.8 170.0
Ang(0-Si-O,y), deg 106.2 106.0




Oxygen vacancy. We performed extensive calculations of the structure and properties of neutral
Oxygen vacancy in a-quartz using the embedded cluster technique described above. The dependence
of the vacancy structure, formation energy, lattice relaxation, and optical excitation energies on the
quantum cluster size and on the basis set have been studied. Full details of these calculations are
described in ref. 22. They were performed for the four quantum clusters shown in Fig. 3. All
calculations included a counterpoise correction for the basis set superposition error (BSSE) 2 (see
also recent discussion in ref. 24). This means that the Oxygen basis set remained centred in the
vacancy when an Oxygen atom was removed to form a vacancy. Similarly, the Oxygen atom energy
was calculated including the basis sets of all other atoms in each particular QM cluster centred at the
positions of these atoms around the vacancy.

The calculated properties of the Oxygen vacancy include the formation energy, the Si-Si distance, the
position of the one-electron vacancy level with respect to the highest orbital of the valence band, and
the charge redistribution within the vacancy. The dependence of these properties on the flexibility of
the basis set was investigated for several basis sets (STO-3G, 3-21G, 6-21G, 6-31G with and without
polarisation functions) and their combinations for Si and O atoms using QM cluster Si,0,Si’s. The
calculated values vary considerably and do not demonstrate a tendency to the saturation. These
variations are difficult to rationalise but we believe they originate from two sources: i) too narrow
basis set, and ii) small QM cluster used in our calculations.

We have also studied the dependence of the vacancy formation energy on the cluster size and details
of the cluster geometry. For that a QM cluster was relaxed using small basis set, e.g. STO-3G, then
the relaxed geometry and a more flexible basis set, e.g. 6-31G, were used for a single point energy
calculation. The calculated formation energies show little dependence on the cluster geometry. In
other words, one could relax geometry of the vacancy using a small basis set and then calculate the
formation energy using the same geometry and a larger basis set without making a significant error.
This result is expected to be general for localised defects and can help us to achieve reasonable
compromise between the accuracy and CPU-time requirements of further calculations. We suggest
that geometry of localised defects can be, with a good accuracy, calculated using 3-21G and 6-31G
basis sets. To obtain more accurate electronic structure 6-31G* and 6-311G* basis sets can be used.

We have found that, irrespective to the cluster size and basis set used in the calculations, the neutral
Oxygen vacancy in a-quartz induces very strong and anisotropic lattice distortion, which extends
further than about 13 A from the vacant site (see Fig. 6). For comparison, the relaxation of atoms
surrounding a neutral vacancy in some other oxides, such as ZrO, and MgO, is much smaller, This
results from different structure and chemical bonding in these materials. In particular, in MgO unlike
o-quartz the Oxygen site is the centre of inversion. The peculiar structure of a-quartz is also manifest
in the strong asymmetry of the relaxation of the two Si atoms neighbouring the vacancy (Figs. 6 and
7). '
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Figure 6. Total displacements of atoms resulting from the relaxation of the neutral Oxygen vacancy.
Atoms participating in the relaxation of A- and B-types are shown as triangles and squares respectively.
Notations correspond to those in Figs. 7 and 3(b).

With full relaxation, the equilibrium distance between the two Si atoms is equal to 2.36 A, essentially
identical to the Si-Si spacing in elemental silicon. These values remain practically the same for larger
clusters calculated in the same basis set. The results suggest that the rest of the lattice allows the Si
atoms to relax without serious inhibition, driven by bond formation. Nevertheless, their strong
displacement induces a complicated distortion of the whole region 1. The atomic displacements
decrease for distant atoms, but the number of these atoms increases rapidly and the resulting effect on
defect properties is not negligible. The absolute values of atomic displacements from the perfect
lattice sites as a function of their distance from the vacant oxygen site are presented in Fig. 6. One can
clearly see that displacements decrease to almost zero values (0.01 A) only at the outer boundary of
region I (13.07 A). They are still about 0.2 - 0.4 A at 5 A from the vacant site (the 6™ neighbouring
shell) and are not negligible even at 10.0 A from the vacancy. Further analysis of the character of
atomic displacements demonstrates that they can be clearly divided into two types shown in Figs 6
and 7 (a,b). Type A is extremely anisotropic due to the absence of the centre of inversion in quartz. It
involves large displacements of the silicon and oxygen atoms directed towards the vacancy
approximately along the line connecting the two Si atoms neighbouring the vacancy. The
displacements of the silicon atoms, A1,2,4,6,8 are smaller and die much more rapidly than these of
the oxygen atoms marked as A3,5,7,9 in Figs. 6 and 7a.



vacancy
site

Figure 7. Projections of directions of atomic displacements near the vacancy (atoms are shown in their
ideal lattice positions). The length of each arrow corresponds to the magnitude of the displacements
scaled by four times for better visability. Notations correspond to those in Figs. 6 and 3(b).

We calculated the optical excitation and luminescence energies of the neutral vacancy in the Franck-
Condon approximation using several techniques. Calculations were performed for the defect
geometries corresponding to the fully relaxed S, state (S*o — T in our Tables) and T, state (T* —
So). In these notations (¥) means a fully relaxed state. To calculate the excitation energies from the
ground singlet state S, to the lowest triplet state T, and the luminescence energies from the relaxed
triplet state we used a ASCF approach, i.e. taking the differences between the total energies of the
system in the triplet and singlet states. To pinpoint excitations associated specifically with the
bonding and anti-bonding orbitals of the vacancy site and estimate oscillator strength of dipole
electronic transitions we used a configuration interaction technique which takes into account single-
electron excitations (CIS) %° as implemented in the Gaussian98 code 2. Finally, more accurate
calculations for luminescence energies were carried out using a Coupled Cluster method with double
excitations (CCSD) 26.

The optical transition energy of 7.6 eV calculated in the smallest cluster using CIS is in agreement
with the observed strong absorption band at 7.6 eV attributed to the ODC(I) centre 27. However, we
regard this agreement as fortuitous. As has been pointed out in ref. 28, neither the 6-31G basis set nor
the CIS method is adequate for calculating optical properties of this defect due to importance of the
electron correlation. In addition, we have shown that the results strongly depend on the cluster size
and the extent of the lattice relaxation accounted for in calculations. Qur results with extended basis
sets nevertheless confirm that the optical absorption energy of the neutral vacancy in a-quartz should
be larger than 5 eV. The small luminescence energy found in our calculations suggests that there is a
high probability of a non-radiative T*, — S, transition. Therefore we expect that the luminescence of
this defect will be strongly suppressed.
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4. Summary and conclusions

To summarise, we believe that the results of initial tests of the new method are very encouraging and
demonstrate its ability to calculate the geometric and electronic properties of neutral and charged
defects in silicon dioxide with good accuracy. This work presents the first comprehensive analysis of
the full extent and character of the lattice relaxation around Oxygen vacancy in o-quartz, which was
not possible to achieve using methods employed in previous studies. It has become possible because
the embedded cluster method used here does not confine the defect-induced lattice relaxation to
molecular cluster or periodic cell. We also predict the strong backward relaxation in the lowest triplet
excited state of the vacancy and small (less than 1 eV) triplet luminescence energy of this defect.

Further work will focus on studies of other defect properties in quartz and on the development and
application of the technique to defect studies in amorphous silica. We should note that the large radius
of the lattice relaxation around the neutral vacancy in o-quartz found in this work should be
characteristic to other defects, such as E' centres. The relaxation around these defects in amorphous
silica is subject of our current investigations. The radius of relaxation is comparable or even larger
than characteristic thickness of currently attainable oxide layers on silicon and dimensions of silica
nano-crystals. This suggests that properties of these defects may strongly depend on their position
with respect to surfaces of respective systems. The strong lattice deformation and the dipole moment
of neutral vacancies should affect their interaction. Our results suggest that this interaction could be
also affected by external electric field. Both effects could be relevant for performance of thin oxide
films as gate dielectrics in microelectronic devices.
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