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Correlation between the atomic structure, formation energies, and optical absorption of neutral
oxygen vacancies in amorphous silica
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We have calculated the distributions of structural parameters, formation energies, and defect levels of neutral
oxygen vacanciesNOV) in amorphous silicga-SiO,). All oxygen sites in the amorphous structure were
considered as possible candidates for vacancy formation in these calculations. The electronic structure of NOV
configurations at 75 selected sites were studied using an embedded cluster method. The formation energies
correlate with the Si-Si distance in relaxed vacancies and with vacancy relaxation energies. We carried out
classical molecular dynamics calculations to test the possible effect of high temperature annealing on predic-
tions from static calculations and found that it affects the high formation energy NOV configurations. Using
classical atomistic simulations we then calculated the structure and formation energies of NOV in 220 different
sites. For the 23 low formation energy NOV configurations obtained in classical calculations we calculated the
optical absorption spectrum of NOV. We found that the> o transitions determine the low energy tail of the
optical absorption spectrum and are strongly affected by the Sidistance in the vacancies. Therefore the
red part of the NOV optical absorption spectrum should depend strongly on sample preparation and any further
treatment which can create neutral oxygen vacancies. The results demonstrate how a statistical approach based
on the embedded cluster method can be effectively applied to studying the properties of defects in amorphous
materials.
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[. INTRODUCTION no theoretical studies have focused on the effect of structural
disorder ina-SiO, on the structure and properties of this
The important role played by oxygen deficient centersdefect. Various types of silica glass and thermal oxige,
(ODCs in the optical and chemical properties of oxides isfor example, Ref. 2Bhave different structures, densities, as
well appreciated and has been highlighted in several recentell as defect and impurity contents. Moreover, the oxygen
reviews~* In many cases the technologically important ox- deficiency can be created by different means, e.g., during
ide is amorphous. However, most of the theoretical studiegrowth, deposition, cooling, annealing, and by irradiation.
focus on crystalline materials and the additional complexityThe experimental data suggest that properties of QDC
due to the structural disorder of the material is rarely takere.g., details of the optical absorption spectrum, do depend on
into account directly. Recently, however, significant theoretthe preparation conditiontsee, for example, Refs. 17, 19,
ical efforts have been invested in studying the structure an@4, and 2%. Will NOV formed at different lattice sites reflect
properties of oxygen deficient centers in amorphous sifita, this dependence?
a-SiO,, which is one of the most important and extensively In this paper we assume the NOV model of ODGnd
studied amorphous insulatots?! The ODCs affect the per- study the dependence of the structure and properties of this
formance of complementary metal-oxide-semiconductodefect on the formation site in an amorphous sample. First,
based devicésand optical fiber¥ made ofa-SiO,, and we assume that all oxygen sites are available for formation of
therefore have been extensively studied experimedfalyy NOV and obtain the distribution of vacancy formation ener-
and have been classified into two types: QDCand gies and structural parameters. This approach provides the
ODC(I1).1* However, our understanding of their structure most complete distribution of properties, but which of the
and properties ia-SiO, still remains incomplete. defect sites will really be occupied depends on the method of
In this paper we will focus on OD@. This is diamag- sample preparation and the mechanism of defect formation.
netic and therefore has been studied only through its opticdh particular, close to thermodynamic equilibrium only oxy-
spectra and transformations into other defects. It gives rise tgen sites with low NOV formation energies will accommo-
an optical absorption band with a maximum at around 7.6 e\late NOV. We consider the structural properties of this sub-
in both crystalline quartz and ia-SiO,.* There is a widely set of NOV and calculate their optical absorption spectrum.
shared opinion that this absorption band can be attributed tdsing static calculations we find a strong correlation be-
neutral oxygen vacandfNOV),1*1718put this assignment is tween the NOV formation energies and the-S&i distances
still being questioned® in relaxed vacancies. We also show that the NOV formation
A large number of theoretical calculations based on theenergies are correlated with the relaxation energies and with
NOV model of ODCIl) as O=Si— Si=0; support the sta- the displacements of the two Si atoms forming the-Si
bility of this defect and several of them predict the opticalbond. We demonstrate that annealing of the vacancies using
excitation energy for the center with this structure to be closenolecular dynamics induces a stronger short- and medium-
to 7.6 eV(see, for example, Refs. 202However, almost range relaxation and results in generally lower formation en-
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ergies and shorter Si Si bonds. We also found that the en-  Static energy minimization calculations were carried out
ergies of theo— ¢ transitions are strongly correlated with for the same amorphous SiGtructure as obtained in the
the lengths of the Si-Si bonds and that the longer-SiSi MD simulations. First, the nondefective structure was con-
bonds determine the red tail of the NOV optical absorptionsidered. Then a single NOV was formed at an oxygen site
spectrum. We conclude that the red part of the NOV opticabnd the total energy was minimized again. These calculations
absorption spectrum should strongly depend on the details afere repeated to accumulate statistics over 220 oxygen sites.
sample preparation and further treatment which can fornThey were carried out using tl@LP®3 code and the classi-
NOV. Our results predict densification of the amorphouscal shell modef* The original BKS interatomic potentials
samples in the presence of NOV. They demonstrate how were modified to account for polarization of oxygen ions and
statistical approach based on the embedded cluster methaal correctly reproduce the high-frequency dielectric constant
can be effectively applied to studying the properties of de-of a-quartz?! The consistency of the rigid and shell model
fects in amorphous materials. interatomic potentials has been tested in Ref. 29. The neu-
The paper is organized as follows. In the next section wdrality of the vacancies was preserved and the interactions
describe the calculation techniques. The results of calculatiobetween the lattice atoms in their vicinity were described by
are presented in Sec. Ill, and conclusions in Sec. IV. a specially fitted set of classical interatomic potentials dis-
cussed belowsee Sec. Ill B. In all calculations both the
internal coordinates and the unit cell vectors have been op-
Il. CALCULATION TECHNIQUES timized keeping the shape of the cell orthorombic. To further

We used a combination of several techniques. First, th@hneal the vacancies, we used classical (d&e Sec. IIl B.
amorphous structure has been generated in periodic classical
molecular dynamic¢MD) calculations. Then an embedded
cluster methott262”was applied to calculate properties of
neutral oxygen vacancies at 75 representative oxygen sites in The electronic structure &-SiO, and that of defect cen-
amorphous silica. These data were used to derive a set tdrs was calculated using an embedded cluster technique
interatomic potentials that described the interaction betweeimplemented in thesuess computer codé!?® The method
atoms surrounding neutral oxygen vacancies in amorphousombines arab initio quantum-mechanicdQM) treatment
silica. Using these potentials we performed periodic classicabf a defect and its surroundings, included into a QM cluster,
static energy minimization calculations, where neutral oxy-with a classical description of the rest of the solid. It ac-
gen vacancies at 220 oxygen sites were considered one atcaunts for the electrostatic potential of the whole solid in the
time. Twenty configurations with the lowest vacancy forma-defect region and includes, consistently, both ionic and elec-
tion energies and three configurations with higher formatiortronic contributions to the defect-induced polarization of the
energies were then selected and annealed using classical Midst lattice as well as the effect of the polarized lattice on the
and their structural parameters were analyzed. Finally, welefect. The method and its applications to studying defects in
used the embedded cluster method to calculate the optical-quartz,a-SiO,, and in other oxides have been thoroughly
absorption spectrum of the 23 NOV selectechiSiO,. described in several recent publicatigkg®2729:35-38imilar
schemes have been reported in, for example, Refs. 38 and
39.

In the SiG calculations, the QM cluster is terminated by

To generate the amorphous structure we followed an eaSi” atoms that are located at the Si sites of the Situcture
lier work by Vollmayr et al?® with several modifications and form an interface with the rest of the amorphous network
summarized in Ref. 29. We used tie_PoLy code3C the  which is treated classically. The Satoms represent real Si
Buckingham-type rigid-ion interatomic potentials developedatoms and their positions are optimized in the course of the
by van Beestet al3! (BKS), and an NPT ensemble. The total energy minimization. This is quite different from many
original BKS interatomic potentials have been moddfe  molecular cluster schemes where a QM cluster is treated as a
improve their performance in MD simulations at high tem- molecule terminated by artificial hydrogenlike pseudoatoms
peratures. The simulation cell, containing 648 atoms, wasvhich are kept fixed in some positions determined by the
first heated to 7000 K at a rate of&10" K/s (500 K per  Si—H or O—H distance in molecule®:*%41The Si atoms
10 p9, then equilibrated at 7000 K for 100 ps, and finally are chosen so that they are coordinated by one quantum-
quenched to 0 K at a rate of*810*? K/s (50 K per 6 p$. mechanically treated oxygen and three classically treated
The final configuration of th&-SiO, structure was further oxygen ions. Their role is to represent the polar bond with
relaxed using a static energy minimization technique. Thehe QM oxygen quantum-mechanically and reproduce the
resulting a-SiO, model proves to be a continuous randominteraction with the three classical oxygens using classical
network with all Si ions coordinated by four oxygen ions andinteratomic potentials. The detailed description of &bms
all O ions coordinated by two silicon ions. It has a density ofas applied toe-quartz anda-SiO, is given in Refs. 21, 27,
2.37 g/cmi, which is higher than the average density ofand 29. Classical atoms are treated in the shell model and
2.20 g/cni usually attributed to amorphous siliéaThis re-  interact between themselves via the modified BKS inter-
flects the properties of the BKS potentials since the volumetomic potentiall-2°Other technical details are summarized
of the cubic simulation cell was not fixed during the MD below in Sec. Il A.
calculations. The cuEsscodeét?6employed in this work plays the role

B. Embedded cluster method

A. Classical static and MD methods
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of a “master” program that calculates the total energy, total
forces acting on all centers included in the calculation and
performs geometry optimization of the whole system. The
GAUSSIAN 98 packagé# is used for calculations of the
guantum-mechanical contributions to the total energy and
forces as well as for calculations of optical properties.

In the course of this extensive work we first performed the
embedded cluster calculations of NOVs at 75 sites in the
amorphous structure using the Hartree-FdelF) method
and the computational scheme described in Refs. 29 and 35. 1§?_o_3i1;r?g|e (dejgroees) o
However, the HF method does not allow us to reliably cal-
culate the optical absorption energies due to its tendency to
overestimate the band gap. Moreover, the original parametri-
zation schen?@ used for Si was designed to suit ground
state calculations only. An improved embedding scheme,
also used in this work, makes it possible to use density func- FiG. 1. Distributions of Si-O distances in a MD-simulated
tional theory(DFT) for calculations of ground states and to 648-atom a-SiO, structure. Inset shows the distribution of
employ the time-dependent DRTD-DFT) method for cal-  si—0O—Si angles in the same structure. Shaded areas show the
culations of the optical transition energies. This scheme willdistributions found for the subset of oxygen sites selected for the
be described in detail elsewhefaWe have checked that the embedded cluster calculations.
original and the new parametrizations for thé &ioms give
consistent sets of results for the ground state defect propefyas initially relaxed without the vacancy, as discussed in
ties obtained using the HF method. The formation energieRefs. 29 and 35. Then the neutral vacancy was created by
reported in this work were calculated using the HF approachremoving the central oxygen atom. The formation energies
The new parametrization was employed to calculate the opE, ) were calculated with respect to the total energy of the
tical absorption spectrum of NOVs. corresponding nondefective QM cluster and free oxygen
atom in the triplet state. We also analyzed the distribution of
defect relaxation energig&,.) defined as the total energy
difference between the fully relaxed and unrelaxed systems

In this section we first discuss properties of isolated neuwith the vacancy. This energy is taken as a measure of the
tral oxygen vacancies formed at 75 lattice sites selected sdefect-induced network distortion.
that the structural parameters of these sites reflect the distri- In all cases we find that the removal of an oxygen atom is
bution of the structural parameters of the wh@eSiO,  accompanied by Si-Si bond formation. The distance be-
systen®?® Then the properties of a “low formation energy” tween the two Si ions becomes much shorter than the origi-
subset are discussed. Finally, optical absorption spectra cahal distance and as the Siions move closer to each other they
culated for a selected subset of vacancies are presented. pull the network ions with them. However, the bond length
and details of the lattice relaxation in the vicinity of the
defect depend on the structure of local- and medium-range
environments of the original site. These properties can be

To characterize the properties of neutral oxygen vacanciesharacterized in terms of distributions of structural and ener-
we selected 75 oxygen sitésut of a total number of 432 for getic parameters. For example, the distribution obtained
the 648-atom structujeso that the structural parameters of for the oxygen vacancy formation energies is shown in Fig.
these sites span the distributions of-SD bond lengths, 2. It has a full width at half maximuniFWHM) of about
Si—O—Si angles, and local topologigsing structures 1.8 eV with the maximum between 4.2 and 4.4 eV. The lat-
These distributions, calculated both for the whole structurger should be compared with the formation energy of
and for the subset of 75 sites, are shown in Fig. 1. Thet.5 e\?! for the oxygen vacancy in-quartz calculated using
distributions found for the selected oxygen sites are showa QM cluster of the same size. As discussed in earlier
by shaded areas; they demonstrate that most combinations wbrk,?! the absolute value of the formation energy depends
Si—O distances and SiO—Si angles have been taken on the basis set and size of the QM cluster, but the shape and
into account. The same applies to the ring sizes. the width of the distribution should not depend significantly

The a-SiO, sample was modeled using a large sphericabn these parameters.
nanocluster centered at a selected vacancy site as describedTo reveal the factors contributing to the distribution of
in Refs. 29 and 35. Approximately 700 atoms comprising aformation energies, we first noteee Fig. 2 that the forma-
spherical region | at the center of the nanocluster are fullftion energies are much larger and their distribution is much
relaxed in the course of the energy minimization. The vanarrower if no relaxation of the amorphous network is taken
cancy and its immediate surroundings were treated quantuniato account. This relatively narrow distribution reflects the
mechanically using $®7Si}; QM clusters and the 6-31G ba- site-to-site variation in the strength of the chemical bonds
sis set. In all cases the selected oxygen site was at the centestween the oxygen and its nearest Si neighbors. The real
of the cluster formed by two adjacent tetrahedra. Each clustegbrmation energies are much smaller due to the network re-

Arb. units

Arb. units

1.5 1.6 1.7 1.8 1.9 2.0
Si—O bond length (A)

IIl. RESULTS OF CALCULATIONS

A. Quantum-mechanical calculations

235204-3



MUKHOPADHYAY et al. PHYSICAL REVIEW B 71, 235204(2005

3.0
] ..
25 S e
—~ 1 e . X
s LIPR
2 ] 7
=204 o ° Y
» S ] ML oY
= qc’ ] ".Q..
% 0)1_5__ ® .. L)
. c 107 o
= 2 p 0.. ‘e
< © ] ° .
‘_>§1.0—_ o,
c ] s *
0.5
] [ ]
|_ 0.0 -
e el B MMM 25 30 35 40 45 50 55 60
2.0 3.0 4.0 5.0 6.0 7.0 8.0 Vacancy formation energy (eV)

Neutral oxygen vacancy formation energy (eV)

FIG. 3. Correlation between the vacancy formation energies

FIG. 2. D_istril_autions of NOV _forrnati_on energig&sop). Gray (Efrom) and the corresponding relaxation energiEg,) calculated
and black thick lines show the distributions B, calculated us- ¢ "y oxygen vacancies at the 75 selected lattice sites.
ing the embedded cluster approach for unrelaxed and relaxed oxy-

gen vacancies, respectivelfThe statistics were taken over 75 . . . -
sites) The thin line shows the distribution of relatii,,,, calcu- To illustrate this .pomt further’ in Fig. 4 We have plo:[ted
lated using classical static calculations for relaxed oxygen vacatnt-he vacancy formation energies as a f_unctlon of the-Si
cies. (The statistics were taken over 220 sites. distance in fche relaxed vacancy. We find that_ a Iar_ge struc-
tural relaxation promotes formation of vacancies with small
o . . . . Si— Si distances and small vacancy formation energies. Fur-
laxation; the site-to-site variations of the relaxation energypar analysis demonstrates that the relaxation energy is

reflect the dlffgrence bgtvveen thg local- and mEd'um'ranggtrongly correlated with the displacements of these two Si
structures of different sites. The final vacancy formation en-, <" 0 ihair original sites in the nondefective amor-

ergies can be represented as a sum of two contributions. T ous structure.

first one could be called a short—ra_nge contributibh, Finally, the full extent of vacancy-induced network
_ESV('deaD_Esr(VaC)_E(O)’ whereEs, IS the energy of the relaxation is illustrated in Fig. 5 where we present the pro-
QM cluster in the electrostatic potential of the rest of thejg tions of displacements of all the ions around one of the
system and(O) is the energy of the free oxygen atom in the \ 5 ancies onto the vector connecting the original position of
triplet state. The second componext,, can be considered gach jon and the vacancy site. One can see that the ion dis-
as a medium-range one, and includes the change in the int&fracements near the vacancy are directed preferentially to-
action between the classical ions outside the QM clustejyarq the vacancy and that the field of displacements propa-
caused by their displacements and also by the distortion Qfates as far as 10 A away from the vacancy site. At the same
the QM cluster. The short-range contribution is, on averagélime, some of the atoms at distances larger than 3 A from the
about three times larger than the medium-range one, but thg,cancy site displace not toward the vacancy but away from
widths of the distributions of both components are approxi+¢ The vacancy-induced relaxation also results in the defor-

mately the same with FWHM close to 1 éWot shown. Itis  mation and effective rotation of SiQtetrahedra nearest to
interesting to note the similarity of this result with the analy- ¢ vacancy.

sis of short- and medium-range contributions to the incorpo-
ration energy distribution of peroxy linkage in Refs. 5 and 6.0

44. However, in the latter case, the incorporation of an addi-
tional oxygen atom at the oxygen site led to the network 3 1 . ¢
relaxation occurring predominantly away from the defect. gs.o_ ., ot *
A significant difference in the distributions of the unre- g & %
laxed and relaxed vacancy formation energies suggests that ¢ ] se'e” *
there could be some relation between the formation and re- g 404 . ,‘,‘33 ¢
laxation energies of NOVs. Indeed, the data presented in Fig. g ] ’: :
3 demonstrate a clear anticorrelation between them: large > | .'_‘ Y
relaxation energy corresponds to small vacancy formation § 307 ee ®
energy. This shows that the formation of vacancies at some £ ¢
oxygen sites im-SiO, induces a large relaxation of the en- ]
v_ironment and that this rel_axation favors_ thg vacancy forma- 20— o e e
tion. The relaxation energies can vary significantly from site ' S-S distance in relaxed NOV (A) '

to site. For example, the smallest, in Fig. 3 is just under

0.5 eV and the largest one is over 2.5 eV. These numbers FIG. 4. Correlation between Si Si distances in the neutral va-
can be compared with the 2.0 eV relaxation energy calcueancies and vacancy formation energies calculated for the 75
lated using a similar technique for the NOV érquartz. selected lattice sites.
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| s de citation energies. Experimentally, the optical absorption
0.6 gsoq° ° spectra assigned to the neutral oxygen vacancies show a
z 05_‘ ?%4-0‘_ . characteristic peak at 7.6 eV and, in some unirradiated
- ] © 307 samples, a tail in the 6.0-7.0 eV regibit®2425These ex-
04 * T 20+ N o perimental and our theoretical results suggests that most of
5 1. . A Yy the NOV should contribute to the 7.6 eV peak and that the
3 0'3__ 0.0 . ' additional absorption in the red part of the spectrum could be
{_i? 0.2 g’ . 2 st o0 thes'f,’acgr?é‘)’, (A1)2'° due to vacancies with specific properties.
3 ] e .'.. . ® To check whether the ground state properties of NOVs are
g 017 ¢ “-.-'t'.% e s - correlated with their optical absorption, we built a statisti-
T 504 < ":gv‘ . "i v cally more representative distribution of NOV properties as
. Je . " 3 described in the next section. The optical absorption spectra
019 . calculated for a subset of NOVs are discussed in Sec. Ill C.
20 20 6.0 8.0 10.0 12,0

Distance from the vacancy (A)
B. Classical simulations

FIG. 5. Radial displacements of ions in the amorphous silica To obtain a statistically more representative set of NOVs
network induced by the formation of a neutral oxygen vacancy,

S . we used classical simulations. In these simulations the NOV
Negative displacements correspond to displacements away from the . . . . . -
) . ; was described using a set of classical interatomic potentials.
vacancy. The inset shows the rotational displacements of the ato ffecti h fh iR1.2 hich h
around one of the vacancies from their nondefective positions. Th(]i e effective charge of the oxygen i¢nl.2e), whic ) a_s
been removed to create a vacancy, was equally distributed

character of these displacements is similar for all vacancies. , ’ . '
between the two Si atoms neighboring the vacant site, so

The formation of a neutral oxygen vacancy induces a douthese Si atoms have charges of &.8ach. A neutral and
bly occupied energy level in the silica band gap. The positiormassless species was placed at the original oxygen site and
of this level with respect to the top of the valence band carBuckingham-type pair potentials were derived to describe
be characterized using a parameterdefined as the differ- the interaction of this species with the neighboring Si and O
ence between the one-electron energies of the highest occigns. The parameters of these potentials were fitted to repro-
pied state of the valence barffOMO) and the vacancy duce a set of defect configurations and their relative energies
state. The distribution oAe calculated for NOVs at 75 sites obtained using the embedded cluster method for NOVs in
is shown in Fig. 6. The HOMO only approximately repre- a-quartz anda-SiO,. The parameters of the potentials de-
sents the position of the top of the valence band in the mafined between the two Si atoms near the vacancy and their
terial as it is affected by the particular position of the NOV in 0xygen neighbors and the parameters of the-O potentials
the amorphous network and by the degree of the NOVfor these oxygens have also been modified. The interactions
induced lattice distortion. Nevertheless, the broad distribubetween all other lattice ions were unchang®#.Thus the
tion seen in Fig. 6 clearly demonstrates the extent of inhovacancy was described by a pseudoatom interacting through
mogeneous broadening of defect levels in amorphous silicRairwise potentials with its nearest neighbors. In static en-
and could be relevant to the possible role of NOV in MOSergy minimization calculations the position of this atom was
devicest optimized together with all other ions.

The wide spread of distances and defect energy levels Using these potentials we carried out classical static cal-
indicates that, if all the configurations are realized with equakulations of NOV in 220 sites selected at random from the
probability, there could be a wide distribution of optical ex- 648-atom amorphous structure introduced above. The distri-
bution of relative values of vacancy formation energies is
shown in Fig. 2. The formation energies obtained from clas-
sical calculations are much larger than those obtained from
guantum-mechanical calculations. This is mainly due to the
fact that the energy of a free atom is not defined in classical
calculations. To compare the obtained distribution with the
one obtained using the embedded cluster method, we shifted
the classical formation energies by approximately 20 eV so
that the low-energy tail of their distribution matched the low-
energy tail of theE;,, distribution calculated quantum-
mechanically in the previous section.

As one can see in Fig. 2, the distribution obtained using
classical simulations is wider than that obtained using the

LS s ey B embedded cluster method for the set of 75 sites. This could
"0 Oneelectron snergy level A of NOV.(8Y) be partly due to the larger sample and partly due to deficien-

cies in the classical description of NOV, which is unable to

FIG. 6. Distribution of one-electron energies of occupied NOV- reproduce the details of the electron density distribution for
induced states with respect to the top of the valence IfAweil “short” and “long” Si—Si bonds. We should note that there

Arb. units
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is no complete one-to-one correlation between the relative
formation energies found using classical and QM calcula-

tions in the same sites. Although the order of some configu-

rations changes, statistically, they belong to the same parts of
the distributions in Fig. 2.

Maxima in both distributions correspond to the “most
probable” sites for forming a NOV in our amorphous sample.
These are, however, not the sites that are most likely to host
a vacancy under thermal equilibrium conditions. For both the e
classical and QM distributions from randomly selected va- 40 50 60 70 80 90
cancies, the low-energy tail of the formation energy distribu- Excitation energy (eV)
tion represents the minority of species. On the contrary, in
the thermal equilibrium, most of the vacancies are expected
to occupy sites with low formation energies. Although the ' = " 50" = 6o 70 8o g0
span of the “low” formation energies is likely to be similar in Excitation energy (eV)
both cases, the corresponding distributions may differ.

To test this assertion, we carried out high temperature FIG. 7. Optical absorption spectra calculated for 23 neutral va-
annealing of our defect structures using classical MD. Fogancy configurations at different lattice sites. Each individual spec-
that purpose we selected 20 vacancy configurations from thigum was weighed with the Boltzmann factor and corresponding
low-energy tail (Eqom<4.0 V) of the classical formation vacancy formation energy. Inset shows the origifrait weighed
energy distribution. In addition, three vacancy configurationgtPsorption spectra for the same selection of 23 vacancies.
with E;om>4.5 eV were included in the same set. The
Si—Si distances at neutral vacancies were below 2.4 A fodistribution of vacancy formation energies than that obtained
the first group and above 2.5 A for the second group. Aausing the static calculations. Further work is in progress to
noted above, the classical and embedded cluster calculatioetucidate this issue. Since the low formation energy defects
are consistent in predicting that the selected 20 vacancies aremained largely unaffected by the anneal, in this work we
at the low-energy tail of the formation energy distribution. will use the vacancies at the low-energy tail of ttadom
Therefore in a further discussion we use the QM formationdistribution to model the properties of the vacancies at the

Arb. units

Arb. units

energy scale for both classical and QM calculations. thermal equilibrium
To anneal the vacancies, we used the same 648-atom su-
percell and the same parametrization for the vacancy inter- C. Calculation of optical absorption spectra

actions as in the classical static energy minimization calcu- ) )
lations described above. The calculations were carried out 'N€ optical absorption spectra were calculated for the
using theoL poLy codé® and an NVT ensemble. Starting Same set of 23 vacancies as desqubed above in Sec. Il B.
with the fully relaxed vacancy configuration, the system was=ach vacancy was fully relaxed using the embedded cluster
heated up to 1000 K at a rate of 6 ps per 100 K at constarfethod and then the 25 Ioweit energy transitions were cal-
volume. After heating, the system was equilibrated atculated for each of them. $;Si; QM clusters were used in
1000 K for another 20 ps and then cooled to 0 K at 6 ps pefost calculat_lons. The'ground state calgulauons were made
100 K rate. We observed that above 1000 K the-Sii bond  Using DFT with a modified B3LYP density functional with
is about to break for some vacancy sites so the temperatuf?-5% Of exact exchandé.The optical excitation energies
was never increased above that. Finally, the system wa¥ere calculated using the tlme-de‘gendent DFT method as
equilibrated at 0 K and at constant pressure for another 20 gg'Plemented in th&AussiAngs code: o
and then fully relaxed using static energy minimization. _The optical absorption spectrum shown in Fig. 7 was ob-
We found that at those sites where vacancy formatiorf@ined by summing up the individual spectra obtained for
energy was already low in the static relaxation, the MD-8ach of the 23 sites. The envelope curve is produced by
annealing did not change the formation energy by more thaRroadening each transition with excitation eneigyby a
5 meV and the corresponding-SiSi distance after anneal- Gaussian-type functiof)(E) =e™E~5)727" with the o param-
ing changed by less than 0.01 A. The maximum change iter equal to 0.15 eV. The spectrum obtained is shown in the
the Si—O—Si angles for these sites is close to 10°. How-inset in Fig. 7; it shows a maximum at approximately 8.5 eV
ever, for the three sites, out of the selected set of 23, wherend a prominent tail that reaches to 5 eV in the red part of
static relaxation energies were small and the correspondini§ie spectrum.
vacancy formation energies were larger than 4.54%, 4.7, The low energy part of the spectrum is mainly determined
and 5.6 eV, the MD annealing helped to relax the structureby the transition between the bondingand antibondingr”
further and resulted in lower-energy vacancy configurationstates of the NOV. Both states are located in the band gap
with the formation energies reduced by 0.85, 0.9, and 1.1 evand contribute to the optical transitions up to 7.8 eV. The
respectively. The corresponding-SiSi distances decreased splitting between the one-electron energieg@inds” states
by 0.09, 0.07, and 0.1 A, while the change in the latticeis generally smaller for the vacancies with longerSsi
Si—O—Si angles was about 20°. bonds. Consequently, the energies of the bonding
These preliminary results demonstrate that a high temto)-antibonding (o”) transitions for these vacancies are
perature anneal can lead to a differgerhaps more narrow much lower than those for short-SiSi bonds. At the same
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time, longer Si—Si bonds correspond, statistically, to the tions of these transitions to the optical absorption spectra are
vacancies with larger formation energiesee Fig. 4 Thus less prominent. The latter is, of course, counterbalanced by
the low-energy tail of the optical absorption should bethe fact that there are more VB and CB states in the large
mostly determined by the vacancies that have larger formag|usters than in the small ones.

tion energies.

At higher energies, the optical absorption is dominated by
transitions between the and 7 states of the vacancies and IV. DISCUSSION AND CONCLUSIONS
transitions between the valence band states @nand . .
states of the vacancies. The oscillator strength of these tran- We hg_ve chgractenzed heutral oXygen vacancies in amor-
sitions is typically several times lower than that for the mainPh0us silica using both quantum-mechanical embedded clus-
bondingo to antibondings” transitions. A further contribu- ter and cla}ss[cal .calculauons. In parucular,.we have_ calcu-
tion to the absorption spectrum comes from band-to-bandfted the distributions of the vacancy formation energies and
transitions. The transitions of this type included in the firstcorrelated these energies with other properties of the vacan-
25 excited states contribute to the peak at approximatelgies including their geometrical paramete(Si—Si dis-

8.5 eV (inset in Fig. 7. tance$ and optical absorption.

To take into account only the most populated vacancy The two formation energies distributions obtained for 75
configurations at thermal equilibrium, the optical absorptionand 220 sites are likely to correctly reflect the structural
spectrum was then weighted with the Boltzmann factomproperties of oura-SiO, sample. They give an estimate of
e Brom®T where E;,,, is the vacancy formation energy cal- which oxygen sites will be occupied by vacancies at thermal
culated using the B3LYP functiondt,is the Boltzmann con- equilibrium. This distribution may change if all of the va-
stant, andT is temperature. The spectrum shown in Fig. 7cancy configurations are annealed using molecular dynamics.
was calculated fof =300 K. Consequently, distributions of other properties, when

After this adjustment the shape of the absorption spectrurweighted with a Boltzmann facta ST will change too.
has changed considerably: the tail between 5 and 7 eV hasmore accurate distribution of the formation energies can be
disappeared and the maximum at 8.5 eV has shifted tobtained if QM molecular dynamics is used to model the
8.1 eV. Due to their large formation energies the longannealing process. At the same time, our preliminary results
bonded Si—Si configurations included in the selection of 23 indicate that the properties of the vacancies at the low-energy
NOV sites do not contribute to the weighted optical absorp4ail of the formation energies are not strongly affected by the
tion spectrum at room temperature. Therefore the tail reflectmiolecular dynamics anneal. Therefore such vacancies could
the presence of the vacancies with-S&i bond lengths ex- be used to model the most probable NOV configurations.
ceeding the one found for vacancies with the lowest forma- Our results suggest that larger formation energies corre-
tion energy, i.e., around 2.3 A. Thus the optical absorption irspond, statistically, to vacancies with longerS8i bonds.
the energy range of 6 to 7 eV reported, for example, in RefThese result in a smaller splitting between the one-electron
25 could reflect the distribution of the SiSi distances in a energies of vacancy-induced and ¢° states and, conse-
particular sample. quently, to lowero— ¢ transition energies. Thus the red tail

To check the dependence of this conclusion on the QMf the NOV optical absorption is determined by the relative
cluster size we selected two NOV configurations out of 23concentration of the vacancies with longer—S$i bonds.
and calculated their ground state properties and the optic&ince such vacancies have larger formation energies, the red
absorption spectra using larger QM clusterg0BiSi;; and  part of the NOV optical absorption spectrum should strongly
Si90278i18 and the same 6-31G basis set. The results obdepend on the details of sample preparation and any further
tained is these calculations are consistent with those obtaindteatment which can create NOV. We have also calculated the
from using small clusters. In particular, they confirmed thatdistribution of the one-electron energies of the vacancy states
the vacancy with the larger formation energy has a longewith respect to the top of the valence band. These results
Si—Si bond and a lower energy of the— ¢ transition. demonstrate that there is a significant proportion of vacancy
However, the relative intensities of individual electronic sites where the occupied state is as high as 2.5-3 eV
transitions depend significantly on the cluster size. above the VB top. These vacancies may affect the perfor-

This is primarily due to two factors. First, the smaller QM mance of nanosized MOS devices.
clusters impose artificial constraints on the character of lo- The classical calculations also allow us to estimate the
calization of the defect-induced occupied and unoccupiedNOV-induced volume chand®:%¢ This is done by optimiz-
states. As a result, the kinetic energy of these states is oveing both the fractional coordinates and the unit cell param-
estimated and, hence, the calculated energies of the defeeters of the 648-atom structure for each particular configura-
optical absorption are shifted to the higher energies. The efion of NOV. The concentration of vacancies in our
fect is smaller for genuinely localized defect states. In thecalculations corresponds to Xx110°° vacancies per cinWe
case of the neutral oxygen vacancies the energies ofrthe found that most of the vacancies cause the volume of the unit
— ¢ transitions calculated using large clusters are typicallycell to decrease between 0 and 0.5% with only a small num-
0.3 eV smaller than those calculated using small clusterder of cases of expansideee the distribution of the volume
Second, the valence barB) and the conduction band change shown in Fig.)80n the other hand, if, as a result of
(CB) states are more delocalized in the case of large clusterthe vacancy formation, an oxygen atom is removed from the
Consequently, the oscillator strength of the optical transitionsystem altogether, the total mass of the 648-atom supercell is
that involve VB and CB states are smaller and the contribudecreased by 0.12%. Since the change in the volume is more
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sider a fairly large region of the amorphous structure and
thus to explore a greater variety of different sites in the amor-
phous structure and to build more complete statistics of dif-
ferent defect types and configurations; diiid to calculate a
wide range of defect properties, including the optical absorp-
tion spectra. The experience gained in these calculations and
in combining quantum mechanical and classical techniques
will be useful for further studies of defects in disordered
materials.
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