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Computed Optical Absorption and Photoluminescence Spectra
of Neutral Oxygen Vacancies ine-Quartz
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We reportab initio configuration interaction calculations of the optical transitions of a, Si€utral
oxygen vacancyV,) using cluster models. The transition from thig ground state and the consequent
radiative decay explain the 7.6 eV absorption and the 4.4 eV photoluminescence bands reported
in the literature. We suggest that the transition from a metastable structuvg @ responsible
for the 5.0 eV absorption band. The model accounts for the fact that the 4.4 eV fluorescence
is stimulated by excitations in both UV and vacuum UV regions with different decay kinetics.
[S0031-9007(97)03629-6]

PACS numbers: 78.20.—e, 42.70.Ce, 61.72.Bb, 61.72.Ji

A major motivation for the investigation of the optical structure approaches and implies the use of cluster mod-
properties of point defects in silica is their role in the degra-els, a technique justified for the investigation of localized
dation of SiQ-based electronic devices. Structural imper-phenomena in solids.
fections created during fabrication or generated by heat In this work we study the optical transitions of a
treatments or irradiation determine the optical absorptiolVy center in a-quartz with ab initio cluster model
(OA) and photoluminescence (PL) properties of crystallineHartree-Fock (HF) and configuration interaction (CI)
and amorphous silica [1-6]. In particular, oxygen defi-wave functions. We find that thé/, center exists
cient centers (ODC) give rise to an OA at 5.0 &84 pand, in two configurations, one of which is metastable. A
more pronounced in amorphous silica) and at 7.6 EV ( singlet-singlet transition occurs at 7.6 eV from the gs,
band) with a typical PL band at 4.3—4.4 eV. Excitation in=Si—SE, to an excited state characterized by a singly
both B, andE bands absorption regions induces the 4.4 e\bccupied dangling bond on each SgSi* *S=. The
fluorescence [2—6]. Recent studies have shown that theansition is followed by a rapid vibrational relaxation
5.0 eV OA and the 4.4 eV PL bands are actually ento the minimum of the excited state where the Si atoms
velopes of several bands probably due to different relaxamoved apart because of the occupation of an antibonding
tion of the crystal around the defect responsible [6]. Instate. The radiative; — Sy decay from this minimum
spite of the large number of studies, structural models ofs the origin of the 4.3—4.4 PL band. We suggest that
point defects responsible for the optical transitions in silicahe 5.0 eV OA is due to the vertical transition from the
are still controversial. According to Thomet al. [3] the  metastable form of theé/y center to the=Si* *SE=
neutral oxygen vacancy,o, has a singlet-triplet transition excited state. Through a different vibrational channel, the
at 5.0 eV B;) and a singlet-singlet transition at 7.6 eV system relaxes to the sanf¢ minimum excited by the
(E). Imaiet al.[2] and Nishikaweet al. [4] suggested that 7.6 eV absorption. This explains why the PL at 4.4 eV
the B, and E bands involve transitions from two distinct is stimulated by absorption in both UV and vacuum UV
configurations of the same center, the relaxed and unreegions but with different kinetics.
laxed oxygen vacancy, ODC(l) and ODC(ll), respectively. We modelede-quartz by means of Sikxlusters (with
Skuja [7] proposed that a twofold coordinated StSi:, no symmetry) with the dangling bonds saturated by H
gives two singlet-singlet transitions at 5.0 and 7.0 eV, bottatoms placed along the O-Si directions of the crystal. The
effective in pumping the PL emission at 4.4 eV. position of all the Si and O atoms has been reoptimized

Several theoretical studies have addressed the grouty computing analytical gradients of the total energy [14].
state (gs) properties dfp centers ine-quartz and amor- The H atoms were kept fixed to provide a representa-
phous SiQ@ showing that the removal of an oxygen atomtion of the mechanical embedding of the solid matrix.
from the lattice leads to the formation of=#Si—SE  Relatively large clusters, §0:¢Hs (Fig. 1), SEO,4H s,
bond [8—11] with a decrease dSi-Si) from 3.06 A in  SigO,3H;6 and SiO,Hi,, representing different sections
a-quartz to=2.5 A in V5. On the other hand, very few of the crystal, were used to determine the geometry of
studies have addressed the problem of the optical transjround and excited states . Smaller clusters, e.g.,
tions [3,10,12,13]; the majority are based on approximat€éOH);Si—Si(OH);, were used to perform highly accurate
treatments with a limited representation (if any) of thecalculations of the transition energi@s, All electron HF-
structural relaxation. A quantitative description of OA SCF wave functions have been constructed using a 6-31G
and PL bands requires flexible models and an extensivdouble zeta (DZ) basis set [15] augmented la/fanction
inclusion of correlation effects. This is hardly feasible on Si and a MINI-1 basis set [16] on H and O. The com-
within approximate quantum-chemical schemes or banguted bond distances agree with the experimental values of
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to all virtual orbitals have been generated with respect to
a set of main i) configurations; in this way higher ex-
citation classes are included in the final Cl wave function
[18]. The configurations with an estimated contribution to
the Cl energy larger than 1@Hartree (about 10.000) are
included in the secular determinant; the contribution of the
remaining configurations (more thanx 10%) is estimated
through an extrapolation technique [18]. The reported ClI
energies refer to the larger Cl space. Absorption intensi-
ties have been estimated by means of the oscillator strength
f, a dimensionless quantity, using the dipole-length opera-
tor formula, f(r) = %|<\I’0|er|‘1’n>|2(E” — Ep). Typical
values off for allowed transitions are between 0.1 and 1.
Radiative lifetimess, have also been determined.

The formation of aVy center results in a short
d(Si-Si) = 2.55 + 0.05 A, due to the formation of a
two-center two-electron bond. From the combination
of the sp® hybrids on each Si, a doubly occupied
bonding and an empty* antibonding state appear in
the band gap [12]. The gs5y, is therefore(o)*(c*)°.
The first excited state is a triplef;; (o)'(c*)!, with
a MRD CI T, of 6.3 eV; see Table | (see also Fig. 2).
So — T, transitions, however, are forbidden and can
carry sufficient intensity only through spin-orbit coupling.
Therefore, our calculations do not support the assignment
of Thomonet al.[3] of a Sy — T, transition at 5.0 eV
due to a neutralVg center. This assignment has also
been seriously questioned because of recent experimental
measurements of the radiative lifetimes [4]. The first
allowed transition isSy ()*(o*)° — S;(o) ()" with
formation of two singly occupied dangling bonds, coupled
singlet, on the adjacent Si atoms. The vertical

in a-quartz. Grey spheres, O, large white spheres, S-Icomputed with the Si D4 d basis set is 8.8 eV. This

small white spheres, H. (a) Ground state minimum strucdS 1_-2 eV higher than the 7.6 ek band in SiQ. High
ture, Sy, =Si—SE; (b) excited state minimum structure, excited states have often Rydberg character. For example,

S;, =Si* *SE; (c) metastable puckered structurels,  the first allowed transition in the $ig molecule occurs

=Si~ =Si*—0=. at 7.6 eV and is a(2a;,)* — 4s Rydberg excitation
[20]. We compute this transition in $ig at 8.7 eV,
i.e., =1.1 eV larger than in the experiment. This is the

a-quartz [17] within 0.02 A. Larger basis sets do not altersame error found ofVo. Including a diffuses and p

the results. Diffuses andp functions have been added on function on Si, we obtain &, of 8.1 eV for SjHg

Si to describe high excited states with Rydberg characteand of 7.5 eV forVy (Table I). Both these values are

T.’s have been determined by performing multireferencen much better agreement with the experiment, and for

Cl calculations, MRD CI[18,19]. Single and double exci- Vo the T, is almost exact; however, this is partly

tations from the 12 highest occupied levels (24 electronsfortuitous since small structural changes in the model can

FIG. 1. Si/O;H,s model of a neutral oxygen vacancy

TABLE I. Computed optical properties of a neutral oxygen vacancy-quartz.

Defect Cluster Transiton nM/nR*® T,, eV f T, NS Expt. band
=Si—SE&= Si,O¢H So— Si 11M /2R 8.79 (7.47% 0.33 1 7.6 eV [2-4]
Si,O¢H¢ So — T IM/1R 6.31 (6.21% forbidden not obs.
=Si* *SE= Si,O¢H S — So 14M /2R 4.96 (4.31% 0.40 3 4.4 eV [4]
=Si” =Si"—0= Si,0¢H¢-OH, So— S 24M /3R 3.31 0.09 21 not obs.
Si,0gHg-OH, So— S, 24M /3R 5.26 0.21 4 5.0 eV [2-4]
=Si: (OH),Si So — Si 12M /2R 5.79 (5.59% 0.06 12 5.8 eV [22]

aNumber of main configurationg/, and of roots R, for each CI calculation.
bWith Rydberg functions on the Si basis set.
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10.0 prrrr ] found for theT; excited state. From the minimum of
] the S; excited state the system decays 3¢ (Fig. 2).
Sz =Si"'Si= 3 The computed energy of the emitted photon, 4.3 eV
Y onssev ] with Rydberg functions and 5.0 eV without (Table 1), is
1 0AT5ev '\ ! ] consistent with the observed PL band at 4.3—4.4 eV. The
11 osivSind e 2la Stokes shift is therefore more than 3 eV. The lifetime,
601" \ T Su =87 Si=g 3 ns, is extremely close to the experimental ome=
OA33ev ] 2.1 ns [4]. Thus we can conclude that the 4.4 eV emission
o] PL4.3 eV ] is due to a radiati\./e(a)l_(a*)l — (_(f)2 decay from the
1 oA62ev ] minimum of the==Si* *SE= §, excited state.
] Sl ] The calculations described above unambiguously assign
" 8y =Si =Si'=0- ] the 7.6 eV band and the corresponding 4.4 eV PL to a neu-
] tral oxygen vacancy, but the origin of the 5.0 eV band is
still unclear. Experimentally the following observations
BN have been made: (1) th& andE bands always appear
Si-Si distance, arbitrary units together suggesting that the same defect is responsible for
FIG. 2. Schematic energy diagram of computed optical tran-the two trapsitions [2,3]; (2) both ba.nds are reduced by heat
sitions in a SiQ oxygen vacancy. Solid lines indicate optical treatment in @ atmosphere clearly identifying an ODC as

absorption (OA) or photoluminescence (PL). The dotted curvedhe origin of the transitions [2]; (3) thB, band is=4 or-
represent nonradiative processes but have no quantitative meagiers of magnitude less intense thanBigand [2]; (4) both
ing. The data are reported as a function of increasing Si-SOA'’s lead to an emission at 4.4 eV with different radiative
distance, in arbitrary units. lifetimes indicating different channels for the decay [4];
(5) irradiation with an excimer laser decreases the intensity
of the B, band but not that of thE band suggesting a trans-
easily result in+0.3 eV shifts inT,. Notice that with the formation of ODC(Il) into ODC(l) [2]. Starting from these
Rydberg functions the, — 7,7, changes only slightly, observations, we suggest a tentative assignment for the
from 6.3 t0 6.2 eV (Table 1). The oscillator strength of the 5.0 eV transition. As mentioned previously, a metastable
So — S transition,f = 0.3, indicates a strong absorption ODC(ll) state is found in our models of a neuttg center,
intensity, the computed radiative lifetime is 1 ns. Theserig. 1(c). This is reminiscent of the structure of the posi-
results strongly support the assignment of Bheand to a  tively charged oxygen vacancy¥o® (or E’). The Vo™
Sy — §; transition in a neutral oxygen vacancy, ODC(l). center undergoes an asymmetrical relaxation which leaves
The two-coordinated Si proposed by Skwaal.[7], a singly occupied dangling bond on one Si, hereafter re-
=Si:, was studied using 4OH),Si: model derived ferred to as Si(1), and a net positive charge on Si(2) [24].
from a-quartz. The cluster gs is singlet, and the lowestAccording to a more refined model [25] the asymmetric
transition, Sy — S, has aT, = 5.8 eV (5.6 eV with relaxation is stabilized by the formation of a “puckered”
Rydberg functions, Table 1). The excitation occurs fromconfiguration where Si(2) is bound to a lattice oxygen by
a Sisp?-like hybrid to a Si P orbital normal to the O- electrostatic forcess=Si® =Si*—O=. This structure,
Si-O plane. MRD CI calculations on the isovalent SiF characterized by the presence of a three-coordinated oxy-
molecule give aX'A; — BT, of 5.7 eV, in excellent gen [25], is found also in our calculations ¥g*. Adding
agreement with the experiments) of 5.5-5.7 eV [21]. one electron to puckered, ™ can result in twoVg struc-
Thus, for molecular systems the method produfgs tures. If the electron goes into the empty’ hybrid of
with estimated errors which do not exceedb%. Our  Si(2) the loss of electrostatic interaction with the lattice
results do not support the two-coordinated Si as the origimxygen breaks the=Si* —O= bond. The ensuing cou-
of the 5.0 eV(B;) or 7.6 eV E) bands. On the other pling of the dangling bonds on the neighboring Si atoms
hand, this defect could be the cause of the 5.8 eV OAestores the=Si—Si= gs structure oV, Fig. 1(a). If
band attributed to a diamagnetic center [22]. It is notthe electron goes into the partially filleg? hybrid of Si(1)
excluded that strong geometrical distortions in amorphousne is left with a singlet state which can be schematically
silica can lead the two-coordinated Si to absorb in theepresented a&=Si~ =Si*—O=, Fig. 1(c). A doubly
5.0 eV region. Recent studies clearly indicate that theccupied dangling bond forms on Si(1) while Si(2) is still
B, band is actually a complex superposition of differentpositively charged and electrostatically bonded to the lat-
transitions [6,23]. tice oxygen. The structure is very close to that of g
The rupture of the Si-Si bond due to the absorption of ays [25] with the Si atoms=4 A apart [Fig. 1(c)] and a
7.6 eV photon causes a substantial geometrical relaxaticesSi*—O= distance of=2 A and is closely related to
of the excited state. Using a generalized valence bonthe valence alternation pair defect described by Luckovsky
wave function and analytical gradients we found that in[26]. Puckered/s is a local minimum on thé, potential
the minimum configuration of thg; state the Si atoms energy surface and, at the HF level, is about 2.7 eV higher
move =3.6 A apart [Fig. 1(b)]. A similar relaxation is in energy than the gs. The charges on Si(1) and Si(2) are
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+0.5 and+1.7, respectively. Thus, Si(2) has a net chargemetastable configuration of thé, center exists; it is a
not too different from that of the other Si atoms of the puckered configuration reminiscent of that of the para-
cluster, while Si(1) is almost neutral; the classification asmagneticE’ center and can be schematically represented
=Si~ =Si*—0O=is purely conventional. It is not the as=Si~ =Si*—O=. From this metastable structure an
first time that the bistable nature of th&, center is ob- intenseS) — S, transition occurs at 5.3 eV. The non-
served. Snyder and Fowler [27] found a puckered closedadiative decay leads to the minimum of tl§g state,
shell configuratior=2.6 eV higher than the=Si—SE=  =Si* *SE, through a different channel. From this mini-
dimer and estimated a barrier of only 0.2 eV for the inter-mum the same 4.3—4.4 eV emission excited in the vac-
conversion of the puckered into the stable structure. Veryium UV region occurs. We suggest that the metastable
recently, Boercet al. confirmed the existence of the puck- Vg structure is responsible for the 5.0 &y band.
ered structure and of the small barrier, 0.3 eV, using the The authors thank M. Martini, A. Paleari, and
Car-Parrinello approach [11]. The reported barriers foiG. Spinolo for stimulating discussions.
a-quartz [11,27] are too small to justify the thermal sta-
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