PHYSICAL REVIEW B VOLUME 62, NUMBER 5 1 AUGUST 2000-I

Model of oxygen-deficiency-related defects in Si9glass
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We propose a model of the oxygen-deficiency-related defect in silica glass on the basisabf ithigo
molecular-orbital calculations. This model can be regarded as an oxygen vacancy derived from the edge-
sharing structural unit and will be inherent in glassy silica. Our calculations demonstrate that this defect can be
transformed into the structurally stable hole trapping center whose calculated hyperfine parameters quantita-
tively reproduce the experimental hyperfine features observed ch;th}enter in silica glass.

Understanding the structure and formation mechanism ofmai et al° proposed that the=Si --Si== bond is more

defects in silica glass has been a subject of considerable irmasily converted to thE’, center than the=Si—Si= bond,
terest since amorphous silicon dioxide is an indispensablgince the latter bond will require extra relaxation in the
material component of fiber optics technologies and meta"neighboring network configuration to produce & center
oxide-semiconductor devices. It has been demonstrated thﬁﬁd its planar counterpart e£Si*

irradiation by, for example, uv, x, oy rays can induce point | <p01d be noted, however, that recent theoretical calcu-

defects ;n silica glass resulting in various paramagnenq?tions have raised some questions concerning the existence
centers:? However, there have been no accepted models tha C T
of the unrelaxed=Si --Si== bond in silica glass. Stefanov

explain all the experimental phenomena initiated by the cre-

ation of point defects on irradiation, and, therefore, the strucf’.md Raghavachdfi recently carried out theoretical calcula-

ture and optical properties of defects in silica glass are stilfloNS on several oxygen vacancy models in silica glass and
challenging problems both in fundamental and technologicafoncluded that *a completely unrelaxed geometry with a
aspects. Si-Si distance of 3.1 A is not a stable arrangement and is
Among other radiation-induced defects in silica glass, theinlikely for the ground state.” Other theoretical calculations
E’, center is a principal paramagnetic center, which is charhave shown that even a puckered unrelaxed oxygen vacancy
acterized by a largési hyperfine splittingA of ~42 mT proposed originally fow-quartz has a barrier of onkr0.2—
(Ref. 3 and yields an optical absorption band-e5.8 ev:* 0.3 eV against the relaxation into the stabieSi—S=
Our most detailed understanding of tB¢, center in silica bond-"""Such a small barrier may be too small to explain
glass comes from the experimental and theoretical studies #f€ thermal stability of the relevant defect in silica glass.
the E} species A~40mT) in crystallinea-quartz>® The ~ Furthermoreab initio calculations by Pacchioni and Ier&ﬁo
first model of theE] center ina-quartz was proposed by have shown that the unrglfaxed oxygen vacancy will yield the
Feigl, Fowler, and Yig, who suggested the positively SO_’S_l and SO_>S_2 transition band_s at 3.3 and 5.3 eV, re-
charged single-oxygen-vacancy model composed of a nearfPectively. Pacchioni and leraftooriginally suggested that
planar =Si* unit and a singly occupied dangling bond the Sp—S; transition is r_esponS|bIe for the observed so-
—SF', namely,=Si" ‘Si=. Subsequent worksuggested a callgd “By” photqabsorptlon band at-5.0 QV. I-_|owever,
further relaxation of this configuration, in which the posi- Skujef recently pointed out that “th&; band is quite surely
tively charged Si atom moves through the plane of its threedue to the excitation to the first excited singlet state,” and
neighboring oxygens into a puckered configuration. that “the calculatioh! may prowdg the first theoretical evi-
Although the above defect models were originally pro_dence that the energy of the excited states of thg unrelaxed
posed fora-quartz, it was assumed that a similar defect isOXY9en vacancy may be too small to be responsible for the
responsible for th&, center in silica glas$That is, in silica B, band.” It should also be worth mentioning that the unre-

glass it was suggested that 8¢ center is formed according '?Xed geometry WOUI(.j give rise oa high biradical character
to the following photoionization reactio: since the wave function at long distance should be of a co-

valent type; however, such a biradical character has not been

—=Sji_Si= reported for unirradiated silica glass. Taking these things
mentioned above into account, we suggest that the oxygen

and/or monovacancy will tend to be relaxed in the glass network. In
i a it L e _ other words, the unrelaxed oxygen vacancy is quite difficult
=St SE=tho—=SI"+'SE=(E,) te, @ to exist even metastably in silica glass. For these reasons,

where =Si—SiE and =Si--Si= mean the “relaxed” another plausible defect model will be welcomed to explain
and “unrelaxed” oxygen monovacancies, respectively. It isthe formation mechanism of thg), center along with the
believed that the former Si-Si distance is almost identicabrigin of theB, band in silica glass.

with that of H;Si-SiH; (~2.3 A), and the latter has a Si-Si In this paper, we, therefore, propose a model of oxygen
distance similar t§~3.1 A (Refs. 9 and 1f or even longer monovacancy on the basis of thb initio molecular orbital
[~4 A (Ref. 1] than that of regular S-O—Si bonding. (MO) calculations. As mentioned above, all the previous
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Bond distances (A)
Si1-02=1.700
$i1-03=1.620
Si1-04=1.647
$i2-02=1.703
$i2-05=1.626

05 5 Si2-06=1.663
< > sit-siz=2.180

Bond angles (degree)
Si1-02-8i2=79.7

06 02-Si1-03=117.0
X ’ 02-8i1-04=112.0
/ 03-Si1-04=110.0
02-Si2-05=116.0
02-Si2-06=111.0
05-8i2-06=107.7

Bond distances (A)
Si1-02=1.673
Si1-03=1.619
Si1-04=1.619
Si2-02=1.673
Si2-05=1.619
Si2-06=1.626
Si1-Si2=2.156

Si2

Bond angles (degree)
Si1-02-8i2=80.2
02-Si1-03=115.0
02-Si1-04=117.4 > )
03-Si1-04=108.0 1
02-Si2-05=117.4 ‘
02-Si2-06=114.4

05-Si2-06=108.2

cal. S5—S, excitation energy: 5.16 eV
01

(b) 3
Bond distances (A)
$i1-02=1.670

si3 N~ §i1-03=1.670
§i2-02=1.646
$i3-03=1.645

FIG. 1. The SjO,H,, cluster modeling TODGmodel 1. The :;’g;fg:;::::gm)

geometry was optimized at the HF/6-3(d) level. Q Si1-03-8i3=150.3
o3 02-8i1-03=103.4

Si1
models on oxygen-deficiency-related defects in silica glass 0z
are based on the assumption that a corner-sharing oxygen i cal. Sy—S; excitation energy: 5.17 eV
the glass network is missing, formimgSi- - -SE bonds. It
is well accepted that the structure of silica glass is dominated FIG. 2. The clusters of atoms used for the calculations of exci-
by the corner-sharing Siltetrahedra that link together to tation energies(a) the SO,;H;, cluster modeling TODGmodel
form a three-dimensional random network. However, thisl’) and(b) the S§OgHg cluster modeling a divalent Si defeiechodel
does not necessarily rule out the existence of an edge-sharidy The geometries were optimized at the B3LYP/G8d) level.
unit as an intrinsic “defect” in the random glass network. The calculateds,— S, excitation energies at the TD-B3LYP/6-31
Previous molecular-dynamics simulations on silica glass in-- G(d) level are shown.
deed demonstrated that a very small amdlegs than 0.5%
of two-membered rings, namely, edge-sharing units can be As a result of the geometry optimization, we have found
found in the glass structuf®.Recently, we carried ouab  that in model 1 the neighboring Si atoms in the TODC site
initio MO calculations on several clusters consisting ofcome together to form a substantiaHS8i bond @s;_g;
n-membered f=2-6) silica rings, and the strained energy =2.156 A). However, this does not simply mean that this
of the two membered ring was estimated to-b2.8 eV!®  Si—Si bond has a strong covalent nature, because in model
This calculated strain energy is far smaller than the formad the bonding orbitals of the neighboring SiOnits cannot
tion energies of the other point defects in Siglass such as satisfactorily be overlapped to each other because of the in-
oxygen vacanciep~7-8 eV (Ref. 17] and Frenkel defects tervening oxygen atom. On the other hand, the-8—Si
[~8 eV (Ref. 17)], implying that an edge-sharing “defect” bond angle of the TODC site in model 1 is rather small
is possible to exist in the actual glass network. It is reasoné~80°) as compared with a normal-SiO—Si bond angle
able to expect that the oxygen atom in such a strained edgé=-140°), indicating that the Si-Si chemical bond in TODC
sharing unit will be removed rather easily as compared withis formed at the expense of the-SO—Si bond angle. In
that in a normal corner-sharing bond. We, therefore, considesther words, the oxygen vacancy in model 1 keeps a balance
that the defect in which one of the two edge-sharing oxygensf the Si—Si bond distance and -SiO—Si bond angle,

is removed, forming a rather stable defect configuration on the short-
=Si .................... Si =’ range |ength Scale.
~0 We then used the time-dependent density-functional re-

is not far from realistic and can be employed as an alternasponse theofy (TD-DFRT) to calculate excitation energies
tive model of the oxygen-deficiency-related defect in silicaof the model clusters employed. It has been demonstrated
glass. In what follows, we refer to this defect as a triangularthat the average absolute error of the TD-DFRT is closer to
oxygen-deficiency centdTODC) from its geometrical con- that of the more costly correlateab initio methods such as
figuration. configuration interaction(Cl) methods’® However, since

In order to investigate the geometry and electronic strucimodel 1 is still too large to perform the TD-DFRT calcula-
ture of TODC we used the clusters shown in Figilndodel tions, we employed a smaller clustenodel 1, see Fig.
1). The dangling bonds of surface oxygen atoms in the clus2(a)] as another model of TODC. In addition, we calculated
ter were saturated by H atoms. The geometry of the clustehe TD-DFRT excitation energies for the cluster modeling a
was fully optimized at the Hartree-Fo¢KF) level using the divalent Si defec{=Si:) in silica glass|model 2, see Fig.
6-31G(d) basis set® All ab initio MO calculations in this  2(b)], which has been suggested as an alternative candidate
work have been performed with tteaussian-s program®  for the B, absorption band.The TD-DFRT excitation ener-
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TABLE |. 2°Si isotropic hyperfine coupling constants, in mT,
calculated for the positively charged TODC and unrelaxed oxygen

Bond distances (A)

$i1-02=1.700 vacancy models along with the experimental value obtained for the
Si1-03=1.617 ’ . .

Si1-04=1.606 E’, center in silica glass.

§i2-02=1.554

Si2-05=1.546

$i2-06=1.549 Model

Si1=Siz=3.046 Charged unrelaxed

Bond angles (degree) oxygen vacandy Charged TODE Experiment
Si1-02-Si2=138.7

02-8i1-03=105.3 e
02-5i1-04=102.7 36.4 43.6 (model 3 42

03-Si1-04=110.7 42.0" (model 3)
02-§i2-05=120.7

02-5i2-06=119.5 41.F (model 3)
05-5i2-06=119.8

8Reference 3.
bReference 26.

©29Sj isotropic hyperfine splittings calculated for Sil in models 3

Bond distances (A) and 3.

$i1-02=1.698 (1.722) . .
$i1-03=1.605 (1.630) dcalculations were performed at the HF/6EH) level using the
Si1-04=1.614 (1.635)

8i2-02-1.548 (1.578) HF/6-31G(d) geometry.

Si2-05=1.549 (1.575) €Calculations were performed at the B3LYP/6&H) level using
SRt e the B3LYP/6-35G(d) geometry.

si3
£=0.002 (0.001)
A=0.20 (0.13)

Si1
p=0.931 (0.829)

1.05 (2.44) Bond angles (degree)
A=41.99 (41.27)

o6 b el (UHF) and/or B3LYP levels using the 6-@d) basis set.

04 ! : : :
gﬁ::ﬁ:}:’fggmg Consequently, we found that there exist two different opti-
55005 (0.006) sis 02-8i2-05=117.7 (116.4) mized configurations which are separated .60 eV in
(=048 (0:52) <0000 (0.000)  on oy Samiar s f:ﬂ:; total energy. The higher-energy one retains the basic geom-

A=0.01 (0.03)

etry of the neutral TODC in model (or model 1), and the
charge density of the unpaired electron in TODC is almost
(SiOyH,,)* (model 3, upperand (SiOpHy,)* (model 3, lowen equally distributed between the two constituent Si atoms. On

clusters optimized at the UHF/6-31d) level. Principal bond dis- the other hand, ,the onver-erllergy. one is characterized by a
tances(in A), bond anglesin degrees spin densitiesp, and?%si  highly asymmetric configuration with respect to the vacancy.
isotropic hyperfine coupling constans(in mT), calculated at the 1he optimized geometry of the lower energy form, which
UHF/6-31G(d) are also shown. Values in parentheses for motlel 3Will be referred to as model 8or model 3), is shown in
indicate the results calculated at the B3LYP/633i) level. Fig. 3.
We see from Fig. 3 that in model @r model 3), which

gies were calculated at the Becke’s 1993 hybrid exchang® expected to be a major component as a hole trapping
functional with the Lee-Yang-Parr correlation energy TODC, one of the Si atoms in the vacancy site, Si2, moves
functionaf* (B3LYP) level with the 6-3G(d) basis set aug- close to the plane of its three neighboring oxygens, resulting
mented by two sets of diffuss and p functiond? on in the planae=Si" structural unit having rather short-SiO
the Si atonts) in the respective defect sites using thebond distanceg~1.55-1.57 A. The unpaired electron is
B3LYP/6-31G(d) geometries. localized mainly on Sil in théSi1)O5 unit, and, such an

The S,— S, excitation energy of model 2 was calculated electronic state of the unpaired electron in an Si dangling
to be 5.17 eV, which agrees well with the previously re-bond is characteristic oE’ centers. As mentioned earlier,
ported Cl excitation energids-5.2 eV) of =Si:**?3indicat-  the electron-spin-resonance spectra of irradiated silica glass
ing that, as has been proposed previodsffthe TD-DFRT  show the “strong Aq,s~42 mT)’* hyperfine splitting due to
method yields an excitation energy close to the Cl value. Orthe E’y center’ Table | shows that the observed hyperfine
the other hand, the calculat&®)— S, excitation energy of structure is quantitatively reproduced by the present calcula-
model 1 was 5.16 eV. This excitation energy is only slightly tions irrespective of the clusters chosen and the calculated
smaller than theS,—S; excitation energy calculated for levels of theory, indicating that the present model is quite
model 2. This suggests that theSi: and TODC accidentally reasonable as a model of the paramagnetic center of interest
yield similar excitation energies at5 eV, and both these in silica glass. The “strong” feature was also predicted by
centers will contribute to the observas}-photoabsorption the previous HF/6-3& cluster calculations based on the
band in silica glass. Indeed, it has been demonstrated expedenventional unrelaxed oxygen vacancy mddebut the
mentally that there exists more than one species of oxygereorrespondence between the theoretical and experimental
deficiency-centers that contribute to thé eV photoabsorp- values is not so excellent as compared with the present case
tion band and subsequently affect the photobleaching of thésee, also, Table).l
absorption band in silica glags. In conclusion, we have presented a model of a neutral

We next investigate a possible change in geometry obxygen-deficiency defect, TODC, which will be inherent in
TODC during a photoionization process. For that purposesilica glass is most likely responsibipartially) for the ob-
we reoptimized the geometry of model(ér model 1) by  served 5-eV band. We have demonstrated that TODC can be
assuming total charge of1 at the unrestricted open HF transformed into the structurally stable hole trapping center

FIG. 3. Lower-energy configurations of the positively charged
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without violating the neighboring network topologsee Fig.  reproduce the fundamental experimental features reported for
3). Furthermore, the proposed models quantitatively reprothe oxygen-deficiency-related defect in silica glass.

duce the experimental 42-mT hyperfine splitting observed

for the E/, center in silica glass. We hence believe that We would like to thank the Supercomputer Laboratory,

TODC has a reasonable advantage over the unrelaxed ox}stitute for Chemical Research, Kyoto University for pro-
gen vacancy model in that the present models consistentlyiding us with the computer time.
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