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We have presented a model of the electron-trapping process at edge-sharingi®@hat are supposed to
exist as structural defects especially at the surface of silica-based materials. It has been shown that the
edge-sharing Sipdimer can trap an electron, giving rise to a paramagnetic threefold-coordinated silicon and
a negatively charged nonbridging oxygen. The former Si-related paramagnetic center exhibits a characteristic
of the so-callede’ center. The electrical level of the related electron trapping center2€V below the
conduction band.
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Radiation-induced point defects in amorphous SiO appears to be incompatible with the resultsCef/ measure-
(a-Si0,) and related metal-oxide-semiconducthtOS) de-  ments, but there has been no accepted model that accounts
vices have been extensively studied during the pasftor the seemingly enigmatic character related to the trapped
decades The electronic excitation during ionizing radia- electrons in Si@-based materials during ionizing radiation.
tion will produce primarily electrons, holes, and excitons,In this Rapid Communication, we therefore present a pos-
and the defect formation will be closely related to the subsesible model of the electron trapping processai8i0,. We
quent self-trapping and/or decay processes of these radiatiopropose that an edge-sharing tetrahedral dimer, which has
induced particles. The principal tool for the identification of attracted renewed interest as a model of a strained silica
the microscopic structure of these defects is electron pardiurface’ is one of the probable candidates for an electron-
magnetic resonand&PR) spectroscopy. As for silicon-based trapping center at least near the surface®io, .

MOS devices, capacitance-voltag€-{/) techniques are Before going into d.etalls of the fate_ of the trapped.elec—
also been used to determine the total electrical charge acclfon at the edge-sharing tetrahedral site, we reexamine the
mulated during ionizing radiation. Previo®-V measure- electron-trapping process at a neutral oxygen vacancy, which

ments on various MOS devices have demonstrated that iorb—aS been regarded as a _Ilkely can(_jldate of the ne%atlve-
izing radiation certainly creates electron-trapping centers irﬁ:harge precursor. As mentioned ?af"eF' Rudra and Fowler
a-Si0, layers*S and the resultant electron-trapping center iScalcul_ated minimum-energy conflg.uratlons_ of neutral and

. . : negatively charged oxygen vacancies starting from a defect
assum_ed to be para_magnetlc. It IS cunous to note, hOWeVer[nodel in a-quartz. However, the calculations were per-
that with the exception of a few |mpur|ty-r_elated species, formed using a semiempirical molecular orbital method,
there has been no report of the EPR signature of sucfyhich does not necessarily yield a quantitative picture for the
electron-trapping centefsin a-quartz, one of theE’ vari-  yelevant electronic processes of atoms or molecules of inter-
ants called thé&, center, which consists of a hydrogen atomest. In this work, we hence calculate the optimized geometry
substituting for an oxygen atom ia-quartz, is believed to of a neutral oxygen vacancy using thé initio molecular
behave as a deep electron tfapyt there has been no EPR orbital method and investigate its possible relaxation process
evidence for a defect in-SiO, of the E, type. Thus all the upon trapping an electron. Figure 1 shows a cluster of atoms
defects monitored by EPR so far @SiO, are either of the used to model a neutral oxygen vacancy in the randonm SiO
trapped-hole type or else result from self-trapping ofnetwork. The surface Si atoms in the cluster were saturated
excitons! 3 by H atoms. Such H termination is employed to suppress the

From semiempirical molecular orbital calculations on a“surface” effect arising from the dangling bonds of the out-

cluster of atoms modeling a neutral oxygen vacancy inermost atoms and has been shown to be useful to eliminate
a-quartz, Rudra and Fowféproposed that this type of va- the unsaturated bonds of clusters modeling the local structure
cancy site will trap an electron and form a stable negativelyof the corresponding amorphous syst¥io begin with, we
charged center. They found that thepin density is delocal- optimized the cluster in the neutral charge sfatedel 1; see
ized on both silicon atoms in the defect site. The results ofig. 1(a)] without imposing any structural constraints. We
Rudra and Fowlérsuggest that if such an electron-trapping then intentionally added one electron to model 1 to create a
site exists, the observed EPR signals will be characterized byegatively charged clust¢model 2; see Fig. (b)], and its
two almost equally strong hyperfine interactions wii$i. geometry was fully reoptimized using the optimized configu-
As mentioned above, however, the corresponding defect hasation of model 1 as an initial geometry. To take account of
not been detected - SiO, by any EPR measurements. This electron correlation effects in the electron trapping process,
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(a) As shown in Fig. 1, it has been found that when an elec-
tron is added to the neutral cluster, the electron is trapped at
O s the oxygen vacancy, showing a slight elongation of the Si-Si
N / and Si-O distances in the defect site. The spin densities of
@ o / \ U Sil and Si2 in model 2 are calculated to be 0.48 and 0.38,
O u \ oz & respectively. This indicates that the trapped electron is delo-
g é i‘{’ = \ calized over the two silicon atoms in the defect site, in agree-
\\ X\ ment with the results obtained previously by Rudra and
A % \ s \\ Fowler® It has also been found that the two paramagnetic Si
/] o / atoms have rather large hyperfine couplings20 mT) [see
\\/ QH sit si2 \\ ¢/ = Fig. 1(b)] although, as has been pointed out repeatedly in this
A 22 // U\ _— paper, such hyperfine interactions have not been detected by
\ &a o8 05 o previous EPR measurements. We further calculated the elec-
QU X $i1-01=1.647 trical level position of the negatively charged state using the
a == sl definition of Rudra and Fowlr E(n/(n+1))=E (VD)
/ st —Ew(V3 1) —Ecgm, where E(VD) is the total energy
% = §i2-06=1.646 of the O vacancy with net chargeand Ecgy, is the energy
Sl Bond Angles (degree) of the conduction-band minimum with respectto vacuum
“ ” i (~—0.9eV). The addition of the terr&cgy hence moves
02-8i1-03=108.6 the reference energy from the vacuum level to the bottom of
04-Si2-05=106.7 .
04-8i2-06=109.2 the conduction band. In the present model clusters,
05-8i2-06=109.4 Eoi(model 2)- E,,(model 1) was calculated to be 0.01 eV.

Thus the electrical level of the present negatively charged

(b) \ / state,E(—/0), is estimated to be-0.91 eV. We should note,
however, that in the real dielectric continuum, the long-range
/ \ U/ polarization effects, which are neglected in our cluster mod-
\y Z \ ® S els, are likely to exist, causing a downward shift in the total
. //: \ energy of the negatively charged statdn this work, the
/ \ \04 energy shift due to the electronic polarizatig was evalu-
| o K\ \\ H ated by a classical non-self-consistent mdel,which as-
sumes that the cluster is a cavity of the same dielectric as the
= &oz\ﬂ::;ﬁ N \:?/7 = solid with a point charge at its center. According to this
[/ 03/ U 05 e Dtonces (A) model, the polarization energy is given By = —Q2/2R(1
06 Si1-01=1.702 —1/e), whereR is the radius of the cavity, which can be
W \ b e regarded as the radius of the clust@ris the net charge, and
/ g:ggg:};gg e is the static dielectric constant ia-SiO,. By assuming
\ // Si2-06=1.686 R=6 A in model 2, we hav£p~0.91 eV. That iS, the cor-
H corr H
& \ LQ( 8 Bond Angles (degree) rected electrical IeveE(—/_O) of.th(_a pr_esent negatively
p=0.4803 < be0.3019  O1-Si1-02=105.2 charged oxygen vacancy is0 eV, indicating that the elec-
iy U A=201%9 ) O e trical level of this charged defect center is comparable to the
B,=0.841 B0702  04-5i2:05=98.9 band edge of the conduction band. This result strongly sug-
=288 B=1771 O ot gests that, in contrast to the previous semiempirical calcula-

tions reported by Rudra and Fowfethe neutral oxygen va-
FIG. 1. Si<O;7H,, cluster models ofa) a neutral oxygen va- cancy behaves only as a “shallow” electron trap. In
cancy (model 3 and (b) a negatively charged oxygen vacancy irradiated a-SiO,, however, “deeper” trapped electrons,
(model 2. The geometries of the clusters were fully optimized atwhich are stable even at room temperature, are reported to
the B3LYP/6-31Gd) level. Principal optimized structural param- exist.
eters, spin densitigs and isotropicA, and anisotropi® hyperfine It is hence most likely that another form of defects is
coupling constantéin mT) are also shown. responsible for deep electron trapsanSiO,. The random

geometry optimizations of the above neutrally and negativel;?_etwork_ of a-Si0, consists ”.‘OS“Y of the corner-sparlng
charged clusters were performed at the density functionap!Qs Units. However, it is quite probable that the “edge-
theory (DFT) levels with the 6-31Gq) basis set! For the gharmg SiQ, tetrahedral dimer or a two-membered silica
DFT calculations, we used the B3LYP exchange-correlatioding exists as a structural “defect.” We should note that the
functional consisting of the Lee-Yang-Parr correlationstrain energy of the edge-sharing unit is estimated to-bhe2
functionat? in conjunction with a hybrid exchange func- to ~1.8 eV (Refs. 9 and 1B which is far smaller than the
tional proposed by Beck€. All the ab initio quantum- formation energy of an neutral oxygen vacancy6 to
chemical calculations in this work were performed using the~10 eV (Ref. 19]. Indeed, recent studie® have provided
GAUSSIAN 98 programt* plenty of evidence demonstrating that edge-sharing units ex-
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[model 3; see Fig. @] was fully optimized at the
@ / B3LYP/6-31G() level. To simulate an electron trapping
\g / ﬁo\ process at the “defect” site in model 3, the geometry was
/ ~ N then fully reoptimized at the same level of theory by assum-
. f &7 Bond Distances (A ing the total charge of-1 [model 4; see Fig. ®)].
= / % \ _ l/ 221:8§§1:2§§ One sees from Figs.(& and 2Zb) that the structural re-
m s / /U / 22'81‘?1@32 laxation after trapping an electron at the edge-sharing, SiO
o —83 e ¥ S / 5i2.02-1 661 tetrahedral site is substantially different from that seen at the
) = \ ox H \& % Siz.06-1.664 oxygen vacancy site. That is, when an electron is trapped at
\ s2 =" Qog Bond Angles (degree) the edge-sharing site, one of the four Si-O bonds in the two-
08 / o \/j Sir.02.52-032 membered ring is broken to form a threefold-coordinated
\/ ey oens silicon atom (Sil in model 4 and a nonbridging oxygen
/ AN / \Xy/ = atom (O1 in model 4. The added electron is mainly local-
& %\ ized at the nonbridging oxygen atom, yielding a negatively
U charged center. The spin densitand the hyperfine coupling
constantA of O1 are calculated to be 0.0003 and 0.005 mT,
o=0,0003 respectively, showing an almost diamagnetic nature of the
®) oiai nonbridging oxygen atom. On the other hand, the threefold-
é\ = Boen__ b coordinated Si atorfSi1) has an unpaired spin that is located
X\ - \ mainly at its dangling tetrahedral orbitapd;;=0.8397 A
\ / / “ N =36.9 mT). The resultant paramagnetic center in model 4 is
O s Sty T Bond Distances (A) hence quite analogous to tEé center, in which an unpaired
/ ” ///‘;fj;-:: ” Sh-0o-1 636 spin is localized in a dangling tetrahedral orbital of a
—¢ | 55 Sioure72 threefold-coordinated silicon atom. The observed hyperfine
\ < - pa coupling observed for the localizé# center(42 mT, Ref. 3
/ S o \ pealy is in reasonable agreement with the value calculated for Sil
\ S o = \\ BoriAngios {egres) in model 4. It should also be worth mentioning that the total
7N\ I “ / Snorsa-sT2 energy of model 4 is lower than that of model 3 by 2.27 eV
P ——@— N Sl onllo and the corrected electrical levE( —/0)*°" of the defect in
I O3S0z 11g model 4 is calculated to be —2.3 eV. This large negative
My 02-8i1-04=107.7 electrical level, as compared with the one calculated for the
s oxygen vacancy center, suggests that the edge-sharing tetra-
royho hedral site can behave as a “deep” electron trap. Thus the

edge-sharing structure contrasts sharply with the oxygen va-

FIG. 2. Optimized geometries ¢f) the neutral Si;OpH,, clus-  Cancy in terms of the electron-trapping process and its sub-
ter having an edge-sharing Sj@imer and(b) the corresponding Sequent structural relaxation. The edge-sharing structure in-
negatively chargedcluster. The geometries were fully optimized a€luces dissociative electron capture at one of the Si-O bonds
the B3LYP/6-31G() level. Principal optimized structural param- in the “defect” site, resulting an almost diamagnetic nega-
eters, spin densitigs, and isotropicA, and anisotropi® hyperfine  tively charged nonbridging oxygen and a paramagnetic
coupling constants are also shown. threefold-coordinated silicon center. Consequently, the re-

sultant paramagnetic defect will not be identified as an elec-
ist at the surface o&-SiO,. Thus it is interesting to investi- tron trap, but as a conventiong! -like defect by EPR. This
gate a possible electron-trapping process at edge-sharirggheme is hence reconcilable with the observed experiments
SiO, tetrahedral units in terms of the structure and energeticthat no paramagnetic defect associated with “trapped elec-
especially of the irradiated silica surface. Furthermore, alirons” has been observed aSiO,.
though we do not have a detailed microscopic understanding In conclusion, previously unidentified electron trapping
of the structure of the interface in Si/SiC5i layers, such an centers ina-SiO, have been associated with the defects re-
edge-sharing dimer as seen at the silica surface may providgllting from the electron-trapping process at the edge-
an alternative candidate of the reported negative-charge préharing SiQ sites. This process leads to the generation of the
cursor at the Si/SiQinterface?

We thus investigate a possible electron trapping process & o
an edge—sharir)g SiOtetrahedral .dimer on the basis of s /\Si ¢ e
quantum-chemical cluster calculations. In our recent p&per, . +e \ >

. . . — p— e ——
we have already shown that the edge-sharing dimer can cay / \/ \_ ,I *
ture an exciton, leading to structural reorganizations that are Ll \
different from those of the corner-sharing ones. Figure 2 g ; / , p—;

. an edge-sharing tetrahedral unit E’ center (paramagnetic)

shows the cluster of atoms used to model an edge-sharing
SiO, tetrahedral dimer embedded in the corner-sharing; SiO  FIG. 3. Proposed electron-trapping mechanism of the edge-
network. The geometry of the neutrally charged clustersharing SiQ dimer and the accompanying defect formation.

non-bridging oxygen

041201-3



T. UCHINO AND T. YOKO

neutralE’-like center, whereas the trapped electron is local-

ized at a nonbridging oxygen sit@see also, Fig. 3 The
trapping of electrons at the edge-sharing Si€ites will
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