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H,O and O, molecules in amorphous SiQ: Defect formation and annihilation mechanisms
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Interstitial water and oxygen molecules are ubiquitous impurities and participate in various defect formation
processes in thermally grown Si@ims and synthetic silica glass. Using results of first-principles calculations
we report the types of defecmcluding different possible charge statésat H,O and Q molecules may form
in bulk amorphous Si@Q We calculate their formation energies and, in the most interesting cases, the energy
barriers in order to map out the most likely defect formation scenarios. In particular, we show that water
molecules may form double silanol grou(®i-OH) as well as HO™ and OH" ions at a low energy cost with
a barrier of about 1.5 eV. The formation energies of other defects emanating fp@miriterstitials are,
however, too high to be thermally activated. We found thatn@lecules may form ozony(Si-O-O-O-S)j
linkages with an energy barrier 6f2.4 eV. An explanation for the oxygen isotope exchange observed in thin
SiO, films near the Si-Si@and SiQ-vacuum interfaces is suggested based on the energy barrier for ozonyl
formation being commensurate with the @iffusion barrier close to the Si/Sinterface and the Qincor-
poration energy from vacuum. We also explain the different creation ratés oénters in wet and dry oxides
by studying the annihilation mechanism of neutral and charged oxygen vacancies.
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[. INTRODUCTION oxidation process. Thus most of the work was focused on the
reactions of @ at the Si-SiQ interface.

The presence of 0 and Q molecules is known to affect Reactions of @ molecules with the Si©structure were
the nature and the density of defects that form during,SiO observed at the vacuum-Si@nd the Si-Si@ interfaces of
glass synthesis, thermal oxidation of silicon, irradiation ofthin films when the oxide is exposed t§0,.° The 0
SiO,, or subsequent mechanical or thermal treatment. Foexchange was found to be small in between the film surfaces,
example, water incorporation into silica glass reduces thalthough the film thickness in these experiments did not ex-
viscosity, index of refraction, acoustic velocity, and densityceed 80 A° The presence of interstitiéile., intacj O, mol-
of the glass, while it causes an increase in the thermalecules is also observed by infrared photoluminescéhas.
expansion coefficient and crystallization rafeAdditional  a contrast, it was suggested basedabninitio calculations
water diffusion into silica glass also reduces the static fatigug¢hat the oxygen molecule might break up into two O atoms
life®> and accelerates structural modification of the gfass.that diffuse in an atomic form via peroxySi-O-O-Sj)
When water molecules are present in the oxidation ambientinkages'? Another possibility for the reaction between, O
the rate of silicon oxidation also increases. and SiQ is the formation of an ozonic bond

Despite the wide interest in the behavior of @nd HO  (Si-0-0-0-S).1% The existence of interstitial ozone §D
molecules in bulk Si@, the understanding of the atomic molecules was confirmed by the photostimulated phospho-
scale processes remains limited. For example, water molescence of excited Omolecules created by the UV disso-
ecules are known to form silandSi-OH) groups in the ciation of interstitial Q.**
oxide? but the relative concentration of silanol to interstitial  In addition to the reactions of 0 and G with the per-
water depends on the way the oxide was manufactured arfédct amorphous Si©Qnetwork, several other reactions may
subsequently treated, raising questions about the most stalikke place at defect sites. For example, infrared measure-
form of water in the oxide. Exposure of Si@ water vapor ments confirm that water molecules react with dangling Si
results in the appearance of various OH vibrational bandsonds created by neutron irradiatibhiThe concentration of
(SiOH, hydrogen bonded OH, /@, hydrogen bonded wa- charged oxygen vacancieg'( centers in irradiated oxides
ter), the Si-H band,and also in a shift of the SiCstructural  was suggested to decrease due to their reaction with intersti-
bands There is also significant oxygen exchange betweerial O, and H,O molecules®
H,O and SiQ over the entire volume of the oxide as shown As it was indicated above, the behavior of water and oxy-
by 80 tagged water diffusion experimert¥hese data sug- gen in amorphous bulk SiQs very versatile and not devoid
gest that water is highly reactive, while other experimentof controversies. In this paper we attempt to provide a sys-
and the analysis of water diffusibprovide evidence that it tematic first-principles study of the various defect formation
also exists as an interstitial molecule in the oxide. mechanisms involving interstitial &and H,O molecules and

Oxygen molecules are more inert thapQHin bulk SiG;, the amorphous SiQnetwork. In particular, we investigate
i.e., they are less likely to form defects that alter the properthe possible defects that may form also taking into account
ties of the oxide. The main interest in studying the behaviothe different possible charge states. We provide the formation
of O, molecules in SiQ is due to its role in the silicon energies and geometrical structure of these defects and map
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out the most probable defect formation scenarios. For thenethod’ was used with a climbing imadfto determine the
reactions with the lowest formation energy J®H Si-O-Si  reaction pathway and barrier of reactions involvingadd to
=2 SiOH, 2 HO=OH +H;O", 0,+Si-O-Si clarify if triplet to singlet transitions occur along the reaction
= Si-0-0-0-Si), we calculate the reaction barrier and—inpathway. We have used eight intermediate images and re-
some cases—the variation of the formation energy due ttaxed the atoms until the force perpendicular to the
inequivalency of atomic sites within the amorphous mediumminimum-energy pathway was below 0.2 eV/A

We also explain the difference in i€ center generation
rates, that depend on the details of the oxide manufacturingl. REACTIONS BETWEEN H ,O AND O, INTERSTITIALS
process, by investigating the reactions betweg® ldnd Q AND THE DEFECT-FREE SiO, NETWORK
interstitials and charged and neutral oxygen vacancies. While
both interstitials annihilate the’ defects in an exothermic
reaction, by calculating the activation barriers we show that Amorphous SiQ can be viewed as a material having in-
irradiated wet oxides (e.g., Suprasil-1 with [OH]  terconnecting voids of different sizes that are defined by
=10 cm %) are more likely to have morE’ centers than rings made up of Si-O-Si bridges. We have studied the prop-
dry oxides(e.g., Suprasil-W1 witHOH] <5x 10 cm™3)  erties of HO and Q interstitials in voids that are=6 A in
as it has been found experimentdffy’’ Neutral vacancies diameter, which corresponds to the average intrinsic void
are, however, annihilated by a higher-energy barrier which isize in vitreous SiQ, as estimated by positronium lifetime
why both types of oxides may have the same amount ofneasurements. These voids are surrounded mainly by six-
precursors prior to irradiation. member rings, which is the dominant ring size in Si®

The rest of the paper is organized as follows. In Sec. Ilwe We have found that both 4 and Q molecules have an
describe briefly our computational approach. In Sec. Il weequilibrium position in the middle of the voids of the SiO
present results of calculations for the formation energies, emetwork. In the case of Omolecules, the total energy has a
ergy barriers, and the topological variations of the variougglobal minimum in the middle of the void for both triplet and
reactions between } and Q interstitials and the defect- singlet spin states with no local minintmetastable configu-
free SiG network. Subsequently, in Sec. IV we give similar rationg elsewhere. We have found that the triplet configura-
data for reactions between,& and Q interstitials and oxy- tion is always more stable than the singlet, regardless of the
gen vacancies and explain the domingnhtcenter annealing size of the interstitial void the molecule is in. The triplet-
mechanisms in wet and dry oxides. A summary of the mairsinglet gap, however, decreases with void size from 0.62 eV
conclusions of this work is given in Sec. V. in the biggest(7 A) to 0.52 eV in the dominan A) voids
and 0.45-0.47 eV in the smallegt A-5 A) voids [cf. the
triplet-singlet gap in the gas phase is 0.98(@&éf. 31)]. The
same tendency has been observed fgiirOa-quartz®? The

The present calculations are based on density-functionakason for the decrease in the triplet-singlet gap is primarily
theory, the generalized gradient approximation for thedue to crystal-field splitting between the oxygen nonbonding
exchange-correlation energy, ultrasoft pseudopotentials, sur, and , orbitals. To lesser extent the change of the ex-
percells, and plane wavé$1°The pseudopotentials used for change integral inside the solidxchange splittingalso con-
the present study have been thoroughly tested in earlier workibutes to the reduction of the triplet-singlet gHp.
on a variety of Si-O-H systenf8~?? As in that work, the For H,O molecules there are additional interstitial con-
energy cutoff for the basis set was 24 Ry, and integration§igurations besides the middle of the void with a local mini-
over the Brillouin zone were done using the Monkhorst-Packnum in the total energy. In these metastable interstitial con-
scheme with only one special k-point in the relevant irreduc{igurations the oxygen of the water molecule is attracted to a
ible wedge®® network Si atom(typical Si-O distance is 1.87 A where the

The calculations were performed for 72-atom amorphou® is in the HO moleculg¢ and the hydrogens orient them-
SiO, supercells generated by using the Monte Carlo bondselves in such a way that they are about 1.9-2.0 A away
switching method(see Refs. 24,25 for detailand relaxed from the oxygens adjacent to the network Si a{dtig. 1(a)].
until the total energy was minimizgthe force on each atom The reason for the existence of these metastable configura-
is smaller than a tolerance, namely 0.1 eY/Ahe size of tions is that Si atoms in SiDare somewhat positively
supercells 10 A) is big enough to neglect the interaction charged, thus they attract the negatiexygen end of the
of a defect with its periodic images. Formation energies oH,0O dipole molecule, whereas oxygens tend to collect most
various defects were calculated by subtracting the total emef the negative charge, therefore they attract the positive H
ergy of the supercell containing the defects from the totaktoms of the HO molecule. Such configurations of intersti-
energy of the supercell with interstitiab@r H,O molecules. tial water have been suggested by infrared measurements
For studying charged defects we introduced a homogeneousased on the shifts in the vibrational frequency of the O-H
negative (positive background when removingadding bond® The total-energy difference between the various meta-
electrons in the supercell and added the Makov-Payne costable configurations and the middle-of-the-void configura-
rection terms to the total energ. tion did not exceed 0.2 eV.

We have used spin-polarized calculations to take into ac- A large variation in total energies can be found, however,
count the effect of the spin state of the @olecule on its if we place the @ and H,O interstitials into voids of differ-
reactions with the Si@network. The nudged elastic band ent sizes in the oxidéTable ). The data show that the total

A. Equilibrium positions of H ,O and O, interstitials

Il. COMPUTATIONAL METHOD
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b) TABLE |. Total energy(in eV) of interstitial H,O and Q mol-
ecules in voids of different diamete(d). We used the total ener-
gies n a 6 Avoid as the reference point.

Void diameter HO energy Q energy
~7.0 -0.2 -0.2
E=0.3-0.7 eV ~6.0 0 0
d) ~5.0 1.2 1.5
~4.5 1.9 4.0
~4.0 2.2 4.2

reaction between interstitial # molecules and the defect-
free SiQ network. The starting point is always an® mol-
ecule in a metastable equilibrium position 1.87 A away from
a network Si atonjFig. 1(@)] in a 6 A void. The formation
energy of the final reaction products depends on the local
electronic environment in an amorphous solid. Here we have
arbitrarily chosen a Si-O-Si segment of the six-member ring
bordering the void that was replaced by the final defect com-
plexes. The distribution of Si-O-Si angles and Si-O bond
lengths in this ring is 130-170° and 1.62—1.66 A, respec-
tively, corresponding to typical values &SiO,. The ab-
sence of large deviations from the average values means that
there are no regions of extreme stress in this particular ring,
therefore the formation energies calculated at different sites
of this ring should be similar. We have calculated this site
dependence only for one reaction 4®H Si-O-Si= 2
SiOH) and found that the extremal values of the formation
energies differed by only 0.2 eV for the six-member ring
E=0 E=0.44 eV shown in Fig. 1. In contrast, total energies vary by 0.4 eV in
different rings.

e)

3.79
E=4.16 eV

FIG. 1. Reactions of kD and the defect-free Sihetwork.(a)
Initial configuration of a HO molecule in a void bordered by a
six-member ring as a part of the supercell. Th®Hnolecule takes
up a metastabléveakly boungl configuration prior to the reactions. Certain defects, which may be created by the radiation-
The total energy of this configuration also serves as a referenciduced splitting of HO and Q interstitials, are highly re-
point for subsequent defecfgb)—(f)]. (b) Vicinal silanol groups. active radicals and will react with the network in a barrierless
The energy range shows the site dependence of the formation engeaction. For example, UV irradiation may split a water mol-
gies in the oxide(c) H" and OH bound to network O and Si ecule into H and OH or H and OH .33 All of these species
atoms.(d) Neutral H and OH weakly bound to network O and Si bind to the network to some extent. H and Mrere found to
atoms.(e) Peroxy(Si-O-O-Si linkage and interstitial imolecule.  hind to network oxygens by 0.E2Ref. 34 and 1.65 eV
(f) H-terminated peroxy radicd5i-O-O-H) and Si-H.(g) Two wa-  whjle our calculations show that OH and OHare bound to
ter molecules in a bigggeight-memberring. (h) H;O0™ and OH  neyork Si atoms by~0.3 eV in both cases. Similarly, we
bound to network O and Si atoms. Distances are shown in Angpave found that interstitial O atoms may form peroxy link-
stroms. ages after overcoming a barrier of 0.61 eV. The barrier arises
as the interstitial O atom in the triplet ground state excites
Into a singlet state while entering a Si-O bond. Negatively
charged oxygen complexes bind to network sifita.

A further, important question is the stability of the reac-
tion products with respect to their charge state. Generally, a
defect level would be empty above the Fermi level and filled
et[gelow it. In bulka-SiO,, unlike, e.g., in doped semiconduc-

ors, the position of the Fermi level is uncertain, because
usual defect concentrations are too small to pin the Fermi
level, thus different charge states may coexist.

By comparing total energies of different charge states af-

In Fig. 1 we show the formation energies and relaxedter allowing the charged defect to relax, we have found that
geometries of several defects that may form as a result of @H molecules are more stable in the negative, while H atoms

1. Charged versus neutral species

energy increases rapidly if the void diameter decreases belo
~6 A, however, it is practically constant in larger voids.
Therefore, in thermal equilibrium, the,B® and Q intersti-
tials are most likely to reside in voids thateas A or larger,
possibly because in these voids they can be far endagh
leag 2 A away) from network atoms so that the interaction
between the interstitial molecules and the network becom
small.

B. Reactions involving H,O
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RN

11 1.0 [098] d(A)
22 24 [225] d;(R)

are more stable in the positive charge state in concordance ™ E(eV)
with earlier work® In both cases there are substantial relax-
ations from the positions of the neutral defect as mentioned
earlier. However, this result is only valid if there is a source
of electrons/holes for charging the OH/H. The higher stabil-
ity of OH™ and H" versus the neutral species is also consis-
tent with the observation that splitting up,® molecules
into charged species is favored by 5.8 eV-1.6eM.2 eV
[cf. Figs. Xc) and 1d)]. Moreover, H in SiO, has been
observed,37 e.g.,, via the dynamics of interface trap
formation; whereas shifts in the OH vibrational bond due to

L - . FIG. 2. Energy barrier of the 2 }® = H;O" + OH™ reaction.
G e e Ot resutAL s the ntal orfiguration as n Fig.(@). The toal energis
. . . . -~ “Wwere obtained by fixingl, at different values and relaxing the en-
in the prOdUCtlon of charg_egl SPecies .Startanrg from a Slngl":fire supercell at each value. The final reaction productgd)Hand
water molecule is the splitting of 4 into H™ and OH OH") are to the right.
[Fig. 1(c)]. Right after the reaction both the Orand the H
are interstitials, however they relax towards the network and.

bind to Si and O atoms, respectively. The total-energy differ)iNgs. The positive formation energies mean that water is

ence between the interstitial,® and the relaxed reaction m0S':hseta(t))kljes:s/;[?o:ttegziltlril()go(l)efcrr:Z, fﬁ:{,’?&?ﬂi;fgﬁ;ﬁt'
products is 1.6 eV; however, right after the® split, while g

the OH and H' are interstitial(unrelaxed configuration water in the form of silanol&.The reason for this contradic-

the total energy of the products is higher. We can <:a|culaté[>Ion may be that, upon the oxidation process, SiOH groups

I Gy a0 s 1 58 ver Saimae o he oL LTIy ormed i e vty o e SIS
barrier of this reaction. Y9 y

i ~lates some stress and is therefore different from the defect-
thigvriziﬁngntgf‘t trilse gnﬂ'l?g detr(l) e:ﬁg\fg:%ﬁggiﬁfﬁ:g th free and unstrained bulk oxide used in our calculations.
middle of the G%yvoid f?om its relaxed position onlv 1.8 A Gl\ndeed, HO-related vibrational bands appear in the infrared
away from a network Si atom For*Htr?e binding gne.rgy spectra if water is introduced into the bulk oxide at low
was found to be 1.65 e¥. Therefore, right after the 40 temperature§.For this reaction with KO initially in a six-

. . . " member ring we have calculated a 1.5 eV reaction barrier
is split, the total energy of the interstitial OHand H" com- : : U
plex can be estimated to be 1.6 €U.3 eV+1.65 eV which can easily be overcome at oxidation temperattfres.

Subsequent reactions have formation energies exceeding
4 eV [Figs. 1(d)—1(f)]. We did not, therefore, calculate reac-
Qon barriers or site-dependent formation energy variations in

high to be overcomed in a thefm?‘"y activated PrOCeSS ase cases. Because of the high energy of the reaction prod-
Therefore, we assume that this reaction channel may only b&

open in oxides exposed to radiation. Indeed, UV radiation is cts, these reactions are unlikely in defect-free oxides.
known to split water molecule$, and neutron irradiation
releases hydrogen in the oxide. One possible source of this
hydrogen may be the interstitial,® molecule®’ Water molecules may cluster in the bigger voids of the
In thin films, where neutral hydrogen is unstable versusoxide i.e., form hydrogen-bonded complexes with each
H*,% OH molecules may act as electron traps, i.e., they maypther and network O atoms. In such cases tw@®Hnol-
immediately capture an electron from the Si valence bandecules may react with each other forming Otdnd HO"
Once an OH molecule is negatively charged, it binds to a Sonly at a cost of 0.44 eVFig. 1(h)].
atom making it fivefold coordinated. Before capturing an  To study the reaction of two water molecules, we first put
electron, the OH has an energy level about 1.3 eV above thighem into the biggest void in our supercifig. 1(g)]. The
SiO, valence band and this level drops below 0.9 eV in theO-H distance between the two molecules was initially 1.46
negatively charged state after binding to the Si atom. Based. The small distance means that they were “squeezed” to-
on the location of this energy level, we suggest that"OH gether by the surrounding solid even prior to the reaction.
bound to Si may be one of the water-related electron trap§As a comparison, the bond length of hydrogen bonding in
observed in as-grown Sicfilms.>° ice is 1.8 A) We found that, by putting two $0 molecules
into one void[like the one in Fig. 1g)] as opposed to having
them in two separate voids, the total energy increases by 0.8
Based on formation energies, the most likely reaction beeV. To calculate the reaction barrier we approximated the O
tween an interstitial KO and the defect-free Sithetwork is ~ atom of the first HO molecule to the H atom of the second
the formation of two adjacentvicinal) SiOH groups[see by keeping them fixed and varying the distarebetween
Fig. 1(b)]. By putting the water molecule into different voids them (Fig. 2). The supercell was relaxed in each configura-
and picking different locations for the silanol groups, wetion with the above constraint. We have also monitored the
found that formation energies vary between 0.3 eV-0.7 eWlistance of the two oxygensdf) to ascertain the saddle
where the lower values are obtained in the 6—8 membepoint of the reactioriin the saddle poind, has a minimum

3. Reaction of two water molecules

2. Vicinal silanol groups
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FIG. 4. Energy barrier of the £ Si-O-Si= Si-O-O-O-Si
reaction. At left is the initial configuration as in Fig(a (image 0,
at right is the ozonyl linkage as in Fig(& (image 9.

c)

ergy than the interstitial © molecule in bulk amorphous
SiO, by 0.23 eV, see Fig.(8) [the result for quartz is 0.3 eV
(Ref. 13].

The data show that the formation of ozonyl linkages is
energetically favorable. This reaction would, however lead to
an isotope exchange between interstitigl &nhd the SiQ

FIG. 3. Reactions of ®and the defect-free SiOnetwork. (a) network throughout the bulk oxide, contradicting experimen-
Initial position of an Q molecule in the middle of an 11-member tal data®'° To explain the lack of oxygen exchange in the
(only 6 A in diametey ring. (b) Two adjacent peroxy linkage&c)  bulk oxide, we have calculated the energy barrier for the
Ozonyl linkage. Note that the Si-Si distance increases from 3.2 A tdormation of ozonyl using the nudged elastic band method
3.79 A and 3.98 A to accommodate the strain, but the Si-O disyyith eight intermediate images and one climbing image. The
tances remain little changed. Distances are shown in Angstroms. reaction proceeds as followEig. 4). First, the Q molecule
is bound to a Si atom making it fivefold coordinat@chages

The two water molecules break up into;®F and OH 1_—5). In the second step, a neighboring Si-O bond is broken
complexes at about; = 1.0 A. The moderate 1.5 eV barrier (Image § and the dangling oxygen binds to the O atom of
means that, if the oxide is exposed to water vapor at hig he O, molecule that is further away from the Si atom, thus

temperatures, this reaction may contribute to the formatio orming an ozonyl .boncﬂlmage J. .Th's |ntermed|e}te step is
of oxide trapped charges in as-processed oxides. The ﬁn%\;so the saddle point of the reaction, and the point where the
r

: : iplet to singlet transition occurs. Finally, the ozonyl bond
reaction products relax and bind to network atoms as seen MWjaxes to its equilibrium configuratidimages 8 and9 The

Fig. (h). calculated activation barrier for this reaction is 2.4 eV. This
barrier takes into account the necessity of a triplet-singlet
transition at the saddle point of the reaction pathway.
We suggest that the relatively large value of this barrier
A medium-energy-ion-scattering spectroscopy stdly compared to the ©diffusion barriers is the reason for the
has shown evidence for reactions betweena@da-SiO, at  lack of O, exchange in bulk SiQ However, as the ©mol-
oxide surfaces. We have investigated two reactions betweegcule diffuses closer to the Si/Sithterface, the structure of
interstitial O, and the defect-free SiOnetwork[Fig. 3@]:  the oxide changes. Besides having more defects towards the
the formation of adjacent peroxy linkaggEg. 3b)] and the  Si-SiG, interface, positron annihilation spectroscopy experi-
formation of an ozonyl linkagéFig. 3(c)]. ments show that the density of the oxide also incre&ses.
In all the reactions involving @and a defect-free net- The increased density results in the dominance of smaller
work, the overall spin multiplicity of the system changes.rings where the diffusion barrier was found to be much
Both atomic and molecular oxygen have a triplet groundhigher (>2.0 eV)* making the ozonyl formation reaction
state(see Sec. lll A, however the reaction produdiseroxy ~ more favorable. The incorporation energy of a free gas-phase
or ozonyl linkages have a singlet ground state. To accountO, molecule into Si@ was found to be-2 eV.****This is
for the presence of a triplet to singlet transition in these rethe energy barrier the Omolecule has to overcome to enter
actions we have carried out spin-polarized calculations.  the network of interstitial voids in the oxide. The high incor-
Our results for the formation energies of peroxy and ozo{oration barrier makes the formation of ozonyl linkages also
nyl linkages are consistent with those of Chelikowskyat the vacuum-Si@interface likely. Once ozonyl is formed,
et al,® who calculated them for a quartz cluster. We find thethe O, may reform in a reverse reaction overcoming a barrier
formation energy of two peroxy linkages to be 0.92 @y  of ~2.6 eV. Since different O atoms may be incorporated in
0.46 eV per peroxy unit, Fig.(B)], as opposed to 0.6 eV per the reformed @ molecule, the ozonyl formation reaction al-
peroxy unit in Ref. 13. The higher value probably occurslows for oxygen isotope exchange between the diffusing in-
because interstitial Qintroduces less strain in an amorphousterstitial O, and the Si@ network.
material that has larger voids and a more flexible structure; In summary, the @ molecule may form ozonyl linkages
therefore, it has a lower total energy in its initial configura-in the oxide overcoming a barrier 2.4 eV. This barrier is
tion. We also confirm that an ozonyl linkage has lower en-higher than the diffusion barrier in the dominant voids, but

E=-0.23 eV

C. Reactions involving G
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commensurate with the diffusion barrier in small voids and
the incorporation energy of free,0naking reactions at the
oxide interfaces more likely.

IV. REACTION OF H ,0 AND O, MOLECULES
WITH OXYGEN VACANCIES

Oxygen vacancies are ubiquitous defects in all forms of
SiO,. They are electrically active as they may capture holes
and consequently modify the current-voltage characteristics
of transistors that have a conduction channel at the oxide/
semiconductor interfacge.g., metal-oxide-semiconductor
field-effect transistops In optical fibers the neutral vacancy
or the Si-Si bond gives rise to absorption and subsequent
photoluminescence ban&fSUnder intense irradiation condi- E=-1.93 eV
tions, typically with doses exceeding several Mré&tisxy-
gen vacancies may be created by dislodging network FIG.5. Reactions of bD with an oxygen vacancisi-Si bond.
oxygens'’ Neutral oxygen vacancies may capture holes@ Initi.al position of a HO molecule in the middlelofasi?(-mem.t.)er
since they have a partially occupied energy level in the bangn9 With an O vacancy(b) Restored network with an interstitial
gap ~3.2 eV above the top of the Sjivalence band. This I—_|2. ((_:) AdJace_nt Si-OH and Si-H defec_ts._No_te the rela>_<at|on of the
level is associated with dangling §'p3 orbitals. Positively ring in _the different values of the Si-Si distance. Distances are
charged oxygen vacancieEB( center$ are paramagnetic and shown in Angstroms.
can be detected by electron paramagnetic resondlR®  that takes place atl;~1.2 A. At this location, the whole
measurements. molecule binds to one of the Si atoms creating a metastable

Neutron irradiation experiments show that the generatiorronfiguration. To proceed further, we now keep O in th©H
rate forE' centers is higher in “wet” synthetic silicée.g., fixed and approximate one of the hydrogens toward the other
Suprasil-} than in “dry” silica (e.g., Suprasil-WL (Ref.  silicon by varying the distanc#, [Fig. 6(a)]. At d,<2 A the
16,17. The wet oxide contains typically ¥cm 2 OH  O-H bond breaks and the hydrogen binds to the adjacent Si.
groups(in the form of silanol or interstitial water molecules The total energy of the system is now lower, but it had to
while the typical OH concentration in dry oxides is only overcome a~1.8 eV barrier to reach the final configuration.
10% cm™3. Also, infrared photoluminescence measurementdVe found that filling the vacancy with an O atom and leav-
show that, in the same type of dry oxides as above, the con-
centration of interstitial @ molecules is~10* cm™3, while Elel)
in wet oxides it is<10"cm 3.!! Practically, these data 7 ) %\‘_‘2{(

mean that one has roughly 1000 times more interstiti@ H gg:if/ \
and 1000 times less interstitial,@nolecules in wet oxides >! d {‘_ 0 =
20

than in dry ones. SR Mﬁ;)!,: E
It is straightforward to assume that in bulk oxides radia- o

. . . -1.9
tion generates oxygen vacancies by the same mechanism re-

gardless of the processing of the oxide., the cross section B .13 17 156[1562]cy(A) +
for dislodging oxygen atoms depends only on the local elec- h o8 13 12 05 BT

in various oxides as a function of dose is due to the different g
annihilation mechanisms of tHe’ centers. We have studied 46— N iy
the reactions of charged and neutral oxygen vacancies with ey
interstitial H,O and Q molecules to determine their role in
the annihilation mechanism &' centers. FIG. 6. Energy barrier of the reactions annihilatiay neutral
and(b) charged oxygen vacancigg) At left is an H,O molecule in
1. Neutral oxygen vacancies a void with a vacancy as in Fig(&®. Total energies are obtained by
. . irst reducingd, then, at the flat part of the total-energy curve, by
. Neutral oxyg'en yacanmes usually relax to forlm Stramec{@eping O of the KO fixed and reducingl,. At right are the final
Si-Si bonds as in Fig.(&). Awater.molec_gle may.flll UP_ the reaction productghottom and the intermediate stage with thg®
oxygen vacancy and leave an interstitiap Hehind [Fig.  pound to a Sitop). (b) At left is an H,O molecule in a void with an

5(b)] or create adjacent Si-OH and Si-H defefg. 5c)]. g center. First the LD binds to one of the silica in a barrierless
To calculate the energy barrier of these reactions we moVgsaction(right top. Then by keeping the O of the 8 fixed and
the oxygen atom of the 40 molecule toward the center of varying d, a Si-H" and a Si-OH is create¢right botton). The
the Si-Si bond by varying the distanck in Fig. 6@. The  corresponding total energies at respective values,odndd, are
water molecule first has to disrupt the strained Si-Si bondhown in the middle.

tronic environment surrounding the O atom and not on o4 02
process-specific factors such as, e.g., defect concentrations A
In such case the difference in the concentratiok btenters d
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E(ev) b) 175

03 image
1 4 567 8 +
-1.0 2 3

20 M 3
jg ~ f pre 417

50 _ E=-1.52 eV

FIG. 7. Energy barrier of the & Si-Si= Si-O-O-Si reaction. + c)
At left is the initial configuration: an O vacancy and an interstitial
0O, molecule(image 0. At right is the peroxy linkage as in, e.g., E=0 S
Fig. 3(b) (image 9.
ing an interstitial H would have a much higher barrier since E=-1.46 eV

two O-H bonds would need to be broken in addition to the
breaking of the weak Si-Si bond.

Oxygen molecules may react with the strained Si-Si
bonds forming a peroxy linkage. Although the reaction re-
sults in an energy gain of 5.42 eV, the Si-Si bond must b
broken and the interstitial Omolecule must transform from

its triplet ground state to singlet state when forming the per- b E’ ianal . ¢ hreefold di
oxy linkage. To account for the change in the overall multi-OPServedE" EPR signal, comprise of two threefold coordi-

- - ” : 47
plicity of the system, we have used spin-polarized calculan@ted Si atoms with a trapped positive chaifjig. 8a.™ As
tions and the nudged elastic band method with eighPPPOSed to the neutral case, charged oxygen vacancies do not
intermediate images and one climbing image in calcuIatin(j'ecomblne forming an Si-Si bond. '_I'he SI-Si cﬁstanc_g NOW 1S
the formation energy and energy barrier. almost 3.5 A as can be seen in Fig. 8. The interstitigDH
The reaction proceeds as followsee Fig. 7. As the G and Q molecules are no longer in equilibrium; they bind to
molecule approaches the Si-Si bond, it increases the locQN€ of the silicas in a barrierlgss reaction as shown on Fig.
strain resulting in the breaking of the bond and a s S(P) for the case of HO. To verify the absence of a barrier
eV) reaction barrie(image 1. Afterwards, the @ molecule W€ have tracked the motion of @ and Q by fixing the
binds to one of the Si atoms, but is still in the triplet con- distance between the O of the® O, and the midpoint of
figuration(image 2. The triplet to singlet transition occurs as the two silicon atomgd, in Fig. 6a), only the case of water
the second O atom of the,@nolecule binds to the second Si 1S Showd and calculating the total energy of the relaxed
atom of the original Si-Si bonimage 3. In the remaining supercell in each point. Both molecules are first attracted to
part of the reaction, the peroxy bond relaxes to its equilib{N€ Si atom carrying the positive charge.
rium configuration(images 4—8 These results are some- O 0xygen molecules, first a peroxy radical is formed,
what at variance with the reaction of,@ith an O-vacancy thatis, a positively charged dangling @olecule bound to
in quart#® where one of the O atoms of the, Gnolecule onl_y one S|I|c0n._ The oxygen remains in the tr_|plet c_onﬂgu-
binds to both Si atoms in the Si-Si bond in the first part off@tion, though with one electron missing from itp 2rbital.
the reaction. The reason for the different reaction pathwaySecause of the proximity of the second Si atom from the
most probably lies in the greater flexibility of the amorphous®Mdinal Si-Si bond, this peroxy radical becomes a positively
network (breaking the Si-Si bond may cause larger relax-charged peroxy linkage, which is the final stage of €O,
ations than in quartz, allowing the,@nolecule to bind only ~ '€action. _ _ , o
to one Si atom in the first stage of the reactiohhe above For water molecules the |ntermedlatt_e'conflguratl_on in Fig.
calculations show that the barrier for annihilating oxygen8(P) serves only as a metastable position. To arrive to the
vacancies by interstitial Omolecules is significantly smaller final configuration in Fig. &) an O-H bond has to be bro-

than the diffusion barrier of interstitial 0.3 eV vs 0.6—1.5 Ken. giving rise to a barrier. To calculate the barrier of this
eV in the dominant voidd). Therefore the rate limiting step "€action, we have approximated one of the hydrogens of the

for neutral oxygen vacancy annihilation by, @olecules is water molecule toward the Si atom by varying the distance

P ; i d, [Fig. 6(b)] and keeping the O of the 4@ fixed. Atd
the diff f interstitial Q. 2 2
e diffusion of interstitial @ =<1.7 A the Si-O bond breaks and the H attaches to the

neighboring oxygen. The total energy of the system is almost
the same as it was before the reaction, but it had to overcome
E’ centers have several distinct equilibrium a barrier of~1.3 eV. In this final configuration there are no
configurationg” In the experimental study of Refs. 16, 17, dangling Si bonds, and an analysis of the defect states in the
the oxides were irradiated to several Mrad creafirigcon-  gap shows that the positive charge is located on the hydrogen
centrations up to #cm 3. The absence of subsequent of the Si-H complex. After this final reaction step is com-
thermal or electrical treatment results in the most abundangleted, theE’ center loses its EPR activity.
precursors(Si-Si bond$ being transformed td&E; centers. Comparing the above data with diffusion barriers of O
These centers, which make up approximately 80% of the@nd HO through the dominant voids of the oxide, we infer

FIG. 8. Reactions of KD with a positively charged oxygen
vacancy Ej centej. (a) Initial position of a HO molecule in the
middle of a six-member ring with aij;. (b) H,O bound to a

ositively charged Si atonfc) Adjacent Si-OH and Si-H defects.
istances are shown in Angstroms.

2. E' centers
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that in wet oxides th&; center annihilation is reaction lim- 0O, molecules are most stable in the ozonyl linkage con-
ited (by a 1.3 eV energy barripand charged vacancies are figuration; however, their formation is suppressed in the bulk
annihilated easier than neutral ones whereas in dry oxides thgxide because of the high reaction barrier compared to the
annihilation of E§ centers is diffusion limited with a lower O, diffusion barrier. At the Si@vacuum and Si/SiQinter-
activation barrier of~1 eV that corresponds to the diffusion faces, however, ozonyl linkages may form because the incor-
barrier of G molecules. As a result, dry oxides will have a poration energy of @molecules from the gas phase and the
smaller concentration oE’ centers then wet oxides when diffusion barrier of @ molecules in the predominantly small

irradiated with the same total dose. rings towards the Si/SiQinterface becomes commensurate
with the energy barrier for ozonyl formation, explaining the
V. CONCLUSIONS oxygen exchange patterns found in experiments.

Finally, we have shown th&' centers are annihilated at
In summary, we have shown that, although the most stablg faster rate in dry synthetic silica than in wet because the
form of water in SiQ is the interstitial molecule, vicinal gjffysion barrier of @ molecules that limits the annihilation

silanol groups may form at a low-energy cd6t3-0.7 €Y process in dry oxides is lower than the rate limitiig-H,O
with a barrier of 1.5 eV. HO" and OH complexes may reaction barrier in wet oxides.

form at an energy cost of 0.3 eV with a barrier of 1.5 eV in
the large voids of the oxide and at high interstitial water
concentrations, when clustering of,®& molecules becomes
significant. Water is more likely to split into OHand H"
than neutral species if the oxide is irradiated, although this This work was supported in part by AFOSR Grant No.
reaction—as all remaining reactions—has a too high barrieF-49620-99-1-0289, and by the William A. and Nancy F.
to be thermally activated. McMinn Endowment at Vanderbilt University.
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