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Oxygen and dioxygen centers in Si and Ge: Density-functional calculations
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Ab initio density-functional calculations using Gaussian orbitals are carried out on large Si and Ge supercells
containing oxygen defects. The formation energies, local vibrational modes, and diffusion or reorientation
energies of Oi , O2i , VO, VOH, andVO2 are investigated. The piezospectroscopic tensors for Oi , VO, and
VO2 are also evaluated. The vibrational modes of Oi in Si are consistent with the view that the defect has
effective D3d symmetry at low hydrostatic pressures but adopts a buckled structure for large pressures. The
anomalous temperature dependence of the modes of O2i is attributed to an increased buckling of Si-O-Si when
the lattice contracts. The diffusion energy of the dimer is around 0.8 eV lower than that of Oi in Si and 0.6 eV
in Ge. The dimer is stable againstVO or VO2 formation and the latter defect has modes close to the reported
894-cm21 band. The reorientation energies for O and H inVO andVOH defects are found to be a few tenths
of an eV and are greater when the defect has trapped an electron.
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I. INTRODUCTION

Oxygen is the most common and best studied impurity
Si produced by the Czochralski~Cz! method and recent re
views are found in Refs. 1–3. Nevertheless, in spite of w
extending over 50 years, many of its properties rem
poorly understood. Even the structure of the isolated inter
tial impurity—long believed to be a simple bent Si-O-Si un
similar to the arrangement in quartz—has come under re
debate. Detailed analysis of its far infrared local vibration
modes~LVM’s ! has suggested that the energy barrier
tween the bent form with an Si-O-Si angle of around 16
and the highly symmetrical configuration where the O at
lies at the bond center~BC! is negligible. Thus the O atom
tunnels between equivalent sites around the bond cente
fectively assumingD3d symmetry with an Si-O-Si angle o
180°.

Another dramatic suggestion is that the aggregation
two O atoms leading to an oxygen dimer does not lead to
ejection of a Si interstitial forming aVO2 center, but is a
defect with the remarkable property of migrating through
lattice at a rate faster than that of the single interstitial. T
result has led to a reappraisal of both the rates at which la
oxygen clusters form, and the oxygen composition of
thermal donor defects which arise after sustained annea
of Cz Si below about 450 °C.4

We report here details of the structure, energetics,
vibrational behavior of a number of oxygen defects in Si a
Ge. We use a supercell code that incorporates the local
basis function of the Cartesian Gaussian type. The great
vantage of supercell methods over clusters is that ene
convergence is easier to obtain and that these energie
unaffected by the location of the defect within the superc
PRB 620163-1829/2000/62~16!/10824~17!/$15.00
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In a cluster, the energies of defects can be sensitive to t
location.

In Sec. II we describe details of the technique and disc
convergence issues. In Sec. III we apply the formalism t
single oxygen atom in a supercell. We find that in Si t
ground state has a buckled form withC2 symmetry with a
Si-O-Si angle of 158° and the barrier of only 13 meV to t
D3d form where the angle is 180°. This energy is within t
error in the calculations and thus the results are consis
with the modern view that the oxygen atom is delocalize
However, the tunneling model cannot account for the eff
of pressure on the asymmetric stretch mode at 1136 cm21.5

We show that if the defect maintainedD3d symmetry then
this frequency increases with pressure. In contrast, the
quency of the corresponding mode in theC2 defect decrease
with pressure, in agreement with experiment, and this is s
ply understood in terms of an increased buckling un
stress. Our view then is that the structure of this defect in
is highly sensitive to external conditions and is different f
high pressures. We also extend the calculations to Ge w
there is much less information available on oxygen defec

An important characteristic of an anisotropic defect is t
stress or piezospectroscopic tensor.6 In the absence of any
imposed stress, isolated point defects are equally distribu
over all orientations related by the symmetry of the lattic
Thus Oi inhabits with equal probabilities the four possib
^111& alignments. Inserting oxygen into Si with rando
alignment causes a volume increase but no shape cha
However, imposing a stress across, say, a particular~111!
face results in an energy increase of those oxygen atoms
this alignment, and a decrease in the energy of those w
different alignments. The increase in energy is writtenDEi
5TrAis wheres is the imposed stress tensor andAi is the
strain-energy tensor for the oxygen atom with alignmenti.
10 824 ©2000 The American Physical Society
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The stress and strain tensors,s ande, are related by the
elastic constants of the material and the energy can be w
ten asDEi5TrBie where B is the traceless stress-ener
tensor. At a temperature where the oxygen atoms are mo
then the equilibrium population of oxygen atoms with alig
ment i is related toDEi and can be measured by spectr
scopic techniques. We evaluate this quantity for both sub
tutional and interstitial oxygen and their disparity provid
further evidence for the state of oxygen in Si.

The diffusion of interstitial oxygen is considered in Se
IV. Detailed experimental studies have established that
process is governed by the hopping of a single oxygen a
between bond-centered sites with an activation energy
2.53 eV.7 However, theoretical studies have enjoyed mix
success in reproducing this fundamental property. An e
cluster calculation gave 2.8 eV but this value has not b
found by supercell calculations.8–11 The diffusion barrier is
the energy difference between the buckled stable config
tion and the saddle point which has long been considere
be theY-lid configuration where the oxygen atom lies mi
way between two second-neighboring Si atoms. This ene
difference has been found to be about 1.8–2.2 eV and it
been suggested that this discrepancy arises from the ne
of the kinetic energy of the O atom,12 and subsequently to
the neglect of a simultaneous motion of Si neighbors.8 How-
ever, reaction rate theory includes both of these effects
assumes only that an oxygen atom once reaching the sa
point executes a diffusive step.13 We find that the activation
energy is weakly sensitive to the size of the cell and beco
2.2 eV for cells that range from 64 to 128 silicon atoms.

In Sec. V we turn to oxygen dimers. Previous work on t
binding energy of oxygen atoms within the dimer in Si ga
values between 0.2 and 1.0 eV compared with the exp
mental value of 0.3 eV.14 Recently, it was found that ther
were two structures of the dimer with competitive energie15

These consisted of a pair of oxygen atoms at neighboring
sites sharing a common Si atom~staggered dimer!, and a pair
lying on the hexagonal ring but separated by a Si-Si bo
~skewed dimer!. Our earlier work suggested that the skew
dimer possessed LVM’s in better agreement with exp
ment. However, the contrary conclusion was reached by
solaet al.16 A fresh look at this problem has concluded th
Pesolaet al. are correct and the observed modes corresp
with those of the staggered dimer. A characteristic feature
the dimer frequencies is that they shift downwards with te
perature. This is unusual as the accompanying lattice c
traction compresses bonds and this is expected to lead t
increase in their frequencies. However, the anomalous e
can be explained as an increased buckling in the same
that pressure affects the modes of the isolated interst
oxygen center. This suggests that whenever interstitial o
gen atoms in Si are squeezed out of the bond centers as
buckled configuration, the fundamental stretch mode m
possess a weak or anomalous temperature dependence

We also demonstrate that dimer formation is energetic
favorable over the formation of a vacancy-dioxygen (VO2)
defect. In common with earlier results17,18 we show that the
dimer in Si moves with a modest migration energy of ab
1.4 eV and such an effect may explain why oxygen agg
gates containing many oxygen atoms can rapidly arise du
anneals at temperatures where dimers are stable.
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Finally, the interaction of a single hydrogen atom wi
VO is discussed and especially the reorientation energie
O and H in the neutral and negatively charged state. Th
energies turn out to be a few tenths of an eV although
defect itself is stable to high temperatures around 300
Many of these investigations are repeated for oxygen def
in Ge where there is less experimental knowledge and
results here should serve as a challenge to experimenta

II. METHOD

The calculations used local density-functional theory w
a Perdew-Wang exchange-correlation energy para
trization19 together with Bachelet-Hamann-Schlu¨ter ~BHS!
pseudopotentials.20 The basis consisted of Cartesian Bloc
Gaussian orbitalsBi ,k(r ) which involve a sum of Gaussia
orbitalsf i over lattice vectorsRL ,

Bi ,k~r !5
1

AN
(
L

eik•RLf i~r2Ri2RL!.

These basis functions are located at both nuclei and b
center sitesRi within the unit cell. If the coefficients of thes
basis functions in them,k state isci(m,k) then the charge
density can be written as

n~r !5(
i j k

bi j ,kBi ,k* ~r !Bj ,k~r !,

bi j ,k5(
m

f m,kci* ~m,k!cj~m,k!.

Here f m,k is the occupancy of them,k state. Matrix elements
of the kinetic energy and the pseudopotentials are found
real space while the Hartree and exchange-correlation e
gies and potentials are found from a Fourier expansion of
charge density and exchange-correlation terms, respectiv
The calculations are self-consistent and analytic express
for the forces acting on atoms are found from the Hellma
Feynman theorem but include a Pulay term coming from
dependence of the basis set on the nuclear sites. All atom
the supercell were relaxed or subject to a specific constra
until the maximum force on an atom is less than 0.03 eV
An advantage of the Gaussian basis sets used to describ
wave functions over a plane-wave basis is that one can c
verge the formation energy of a defect in a Si supercell w
22 orbitals per atom as opposed to about 100 plane wa
per atom.

There are several convergence criteria that must be
dressed: the cutoff in the Fourier expansion of the cha
density, the number of shells of vectorsRL required to evalu-
ate the Madelung energy, the mesh ofk points used to
sample the band-structure energy, the exponents used in
Gaussian basis functions, and the size of the supercell. T
criteria are not independent of each other and several it
tions are needed to generate satisfactory values. Having
lected a basis and supercell, the first three are easily d
with: The number of shells of lattice vectors, the terms in t
Fourier expansion, and the number ofk points generated by
a Monkhorst-Pack~MP! scheme21 are increased until the en
ergy changes by less than 0.001 a.u. per atom.
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TABLE I. Basis exponents~a.u.! for s andp Gaussian orbitals for Si, Ge, and O. AC refers to orbit
sited at atoms while BC refers to those sited at bond centers. (N,M ) refer to numbers of orbitals placed a
nuclei and at bond centers, respectively. Lattice parametersa0 (Å), thebulk moduliB (GPa), found from the
basis sets are also given.

Species Silicon Germanium Oxygen
(N,M ) (4,1) (4,2) (4,1) (4,2) (6,1) (6,2)

0.1454 0.1272 0.1499 0.1509 0.2043 0.2815
0.5002 0.3938 0.3747 0.4008 0.4339 0.5470
1.2102 1.1592 0.9369 0.9018 0.9409 1.1665

AC 3.5712 3.1164 2.3422 2.4433 2.2011 2.5534
4.7881 5.3166

10.3587 11.4959

0.1946 0.1474 0.1632 0.1435 0.4624 0.2081
BC 0.3838 0.3824 0.4238

a0 (calc.) 5.390 5.394 5.579 5.568
B (calc.) 99.5 94.3 76.3 74.2
a0 (obs.) 5.431a 5.658b

B (obs.) 97.9a 77.2b

aReference 77.
bReference 78.
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The Fourier transform of the charge density includ
reciprocal-lattice vectorsg corresponding to kinetic energie
up to 80 a.u. for Si and Ge, and 300 a.u. when oxygen
included in the cell. The large cut offs arise from the use
the BHS pseudopotentials and the lack of an occupied cop
orbital for oxygen. Most calculations used 64-atom sup
cells and MP-23 k-point sampling. Several calculations we
carried out in 216-atom supercells using only the MP-3

scheme.
The convergence criteria involving the number of Gau

ian exponents and the size of the supercell are more p
lematic. The wave-function basis consists ofN Gaussians
andp orbitals, each specified by an exponent and locate
the nuclei, andM similar orbitals located at each bond cen
to simulate the effect of higher-order angular moment
functions liked orbitals. The Gaussian exponents for Si,
and Ge were found by minimizing the energy of a cell co
taining bulk material or a disiloxane molecule. The exp
nents were selected in the range between 0.1 and 3.6 a.
using a Metropolis-like algorithm. All the exponents used a
given in Table I.

The table also shows that the calculated lattice parame
and bulk moduli for Si and Ge lie within 1% of the exper
mental values and that these structural parameters have
verged for the smallest~4, 1! basis set. As a test, the structu
of a quartz was also evaluated and the lattice parame
found to be within 0.6% of the observed values with the~4,
1! Si and~6, 1! O basis.

The energy, however, is much more sensitive to the b
and Table II shows its variation with different (N,M ) values.
Here the energies for primitive cells of Si anda quartz were
evaluated using a MP-83 sampling mesh and fixed-cell pa
rameters equal to the converged values. It is clear that for
~4, 1! Si basis, the absolute energy per atom of bulk Si is
error by as much as 0.05 eV. Similarly, the Si~4, 1! and O
s
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~6, 1! basis produces an error in the total energy of a unit c
of quartz of 0.008 a.u. or 0.2 eV.

The absolute energy is, however, not of major concern.
greater interest are the formation energies of defects
their relative energies. The formation energy of a neu
defect is given by

Ef5ED2(
i

nim i , ~1!

whereED is the total energy of the supercell containing t
defect and composed ofni atoms of speciesi whose chemi-
cal potential ism i . The chemical potentials for Si and Ge a
simply the energies per atom in the bulk phase. When d
ing with oxygen defects in Si, we takemO to be given by the
energy of an oxygen atom ina quartz, namely mO
5(E3SiO2

23mSi)/6. A similar equation involving GeO2
gives the chemical potential for oxygen in Ge. The formati
energy then gives the equilibrium density of oxygen atoms
Si ~Ge! when in equilibrium with SiO2 (GeO2).

The chemical potentials vary substantially with the ba
as discussed above but the formation energiesEf of defects

TABLE II. Total energies~a.u.! for bulk Si anda quartz. The
formation energy~eV! for an interstitial oxygen center was evalu
ated using Eq.~1!, and is given in the right-hand column.

Basis
Si O E2Si E3SiO2

Ef(Oi)

(3,0) (6,0) 27.8623 2108.1744 1.989
(3,1) (6,1) 27.9187 2108.4906 1.973
(4,1) (6,1) 27.9271 2108.5423 1.809
(4,2) (6,2) 27.9309 2108.5485 1.817
(4,3) (6,3) 27.9317 2108.5502 1.820
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PRB 62 10 827OXYGEN AND DIOXYGEN CENTERS IN Si AND Ge: . . .
calculated using a consistent basis are much less sens
This is illustrated in Table II which shows thatEf for inter-
stitial oxygen in Si has converged to within 10 meV, for t
~4, 1! Si and ~6, 1! O basis. These calculations used 64
cells and MP-23 sampling.

We now discuss the effect of different-sized superce
and sampling schemes. For this the basis was fixed to b
~4, 1! and O ~6, 1! and the unit-cells volume was relaxe
Table III shows that using a singlek point at G in a 64 Si
atom cell gives an error in the energy per atom of about
eV but this decreases to about 0.0015 eV for an MP3

scheme.21 Thus in 64-atom cells, we invariably used th
scheme. The MP-13 sampling scheme was only used in 21
atom cells. Also shown is the formation energy of Oi . Here
it is clear that the use of MP-13 sampling gives poor energie
except in the largest 216-atom cells.

To check the effect of the size of the supercell on
defect, the volume of the cell was relaxed. Calculations w
first carried out using cells with the lattice constant found
pure Si and Ge crystals, i.e., 5.39 Å and 5.58 Å, respectiv
However, as oxygen defects exert strong compressive
fects, the energy is reduced by expanding the latt
Whereas each defect gives a finite volume chang
irrespective of the volume of the supercell—the fraction
volume change should vanish in the limit of large cells. T
magnitude of this change is then a measure of the sensit
to cell size.

The vibrational modes were calculated from the ene
second derivatives between the oxygen and surrounding
oms. Other second derivatives between host atoms were
ally evaluated from a Musgrave-Pople potential deriv
previously.22 However, the O-related local mode observed
Si at 517 cm21, and lying just below the Raman frequenc
is found to be sensitive to the movement of second she
atoms and, accordingly, second derivatives involving th
atoms were also evaluated for this defect.

The dependence of the structure and the vibratio
modes on pressure have also been investigated. To ach
this, the energy of the defect was calculated in cells of d
ferent volumeV and the corresponding pressuresP fitted to
the Birch-Murnaghan equation of state.23 Here,

TABLE III. Energy per silicon atom and formation energy of Oi

in Si ~eV!, evaluated in several supercells and sets of spe
k-points. scN, fccN, and bccN refer to simple cubic, faced
centered-cubic, and body-centered-cubic lattices containingN Si
atoms;n denotes the MP-n3 sampling grid used.

Ef(Oi)
Supercell n ESi Calc.a Calc.b

sc64 1 2107.7433 1.06
fcc128 1 2107.7577 1.38 1.1
sc216 1 2107.8393 1.66
bcc32 2 2107.8452 1.83 1.8
sc64 2 2107.8534 1.81
sc8 20 2107.8549

aThis work.
bReference 37.
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BF S V0

V D 7/3

2S V0

V D 5/3G
3H 11

3

4
~B824!F S V0

V D 2/3

21G J , ~2!

V0 is the volume of the cell with zero pressure,B the iso-
thermal bulk modulus, andB8 its isothermal pressure deriva
tive.

To calculate the activation energy for the diffusion of Oi
and O2i , the saddle point lying on the diffusion pathwa
between translationally equivalent sites must be found. T
can be achieved by relaxing the cell subject to some c
straint preventing the defect from returning to its equilibriu
site. In some cases this can be done by constraining the s
metry of the defect and in others by imposing algebraic c
straints on bond lengths in a way described previously.24 For
example, when considering the diffusion of interstitial ox
gen in Si, then with reference to Figs. 1~b! and 1~c!, the
oxygen atom must break its bond with 2 and make a bo
with 3. At the same time, the Si atom 1 breaks a bond wit
and makes one with 2. One might suppose that at the sa
point, the bonds between Oi and the atoms 2 and 3 are equ
in length, as well as the 1–2 and 1–3 bonds. Appropri
constraints are then

c15uRO2R3u22uRO2R2u2,

c25uR12R3u22uR12R2u2,

with c1 ,c2 being zero at the midway point. All the atoms
the cell are relaxed subject toc1 ,c2 taking specific values.
Using this procedure, the configuration energy surface ca
found as a function ofc1 andc2 and the barrier estimated b
interpolation.24 Previously this method was used to demo
strate that theY-lid configuration of Fig. 1~c! is the saddle
point for the diffusive step.25

The stress tensor of Oi , say, can be calculated by firs
relaxing the volume of a cubic cell containing an oxyg
atom in any alignment. Then the atoms of the cell and
cube axes are displaced byDRl5(me lmRm and the atoms
rerelaxed within the deformed cell. Care must be taken
include all inequivalentk vectors. The components of theB
tensor are then found by repeating the calculation for a nu
ber of independent strains. The principal values and dir
tions of the tensor are then evaluated by diagonalization

III. INTERSTITIAL OXYGEN

A. Introduction

Interstitial oxygen is known to lie near a bond-center
site with equal Si-O bonds and the static defect can, in p

al

FIG. 1. D3d ~a!, C1h ~b!, andY-lid ~c! configurations for inter-
stitial oxygen.
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TABLE IV. Relative energies~in meV! and structural details of configurations for Oi in Si or Ge~denoted
by X).

Si Ge
C2 C1 C1h D3d C2 C1 C1h D3d

Erel 0 9 1 13 0 12 3 106
X-O,Å 1.62 1.61 1.62 1.61 1.73 1.73 1.73 1.71
X-O-X ~deg! 158 166 157 180 143 146 144 180
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ciple, assume eitherC1 , C1h , C2, or D3d symmetry. The
different symmetries depend on the position of O with
spect to the back-bonded Si atoms as shown in Figs. 1~a! and
1~b!. In D3d , the O atom lies at the bond center. The def
possess several bands of vibrational modes which, at
temperatures (T,40 K), lie around 30, 517, 1136, an
1750 cm21. Although these bands have been intensively
vestigated in the last 50 years, only those at 30 a
1136 cm21 are clearly understood.26–28

The first arises from the motion of the O atom in a pla
normal to the Si-O-Si direction. These modes were analy
in terms of an empirical potential which led to the conclusi
that the equilibrium Si-O-Si angle is 164° and that the e
ergy barrier to the bond-center site is of the order of
meV.26 Further investigations have lowered the barrier
about 1 meV so that the O atom tunnels between equiva
sites leading to an effectiveD3d symmetry.27 The
1136-cm21 (A2u) band arises from an asymmetric stretch
the two Si-O bonds, while the 517-cm21 band, lying near the
Raman line of bulk Si, has been assigned either to a s
metric stretch mode (A1g) or to anEu mode with little am-
plitude on the O atom. The latter is required as the mod
insensitive to the oxygen mass.

The 1750-cm21 band has been attributed to a combin
tion of the 1136-cm21 mode and an infrared~IR! inactive
band around 600 cm21.27 This has recently been supporte
by the discovery of a new oxygen-related band
648.2 cm21 assigned to a combination between a weak,
inactive, mode at;618 cm21 and the low-energy band a
30 cm21.29

In the case of Ge, the situation is less clear. Here, in
stitial oxygen produces three absorption bands at;1, 860,
and 1260 cm21.30,31 These can be considered as analogs
the 30-, 1136-, and 1750-cm21 bands in Si. Giengeret al.30

suggested that in Ge, the Ge-O-Ge angle is smaller than
and the low-energy excitations are between different a
angular momentum states of a rigid buckled Ge-O-Ge rot
as shown in Fig. 1~b!. It is thus expected that the barrier fo
moving the O atom to the bond-center site is larger in
than Si.

Previous modeling studies in Si have determined both
structure of the defect and two high-frequency O-rela
fundamentals.32,33These were located at 1104 and 554 cm21

and assigned to the asymmetric and symmetric modes o
buckled Si-O-Si unit, respectively. The modes related toEu
fell below the Raman and were hidden by the lattice mod

Calculations carried out in Ge gave a symmetric stre
mode around;400 cm21,34 but no band near the Rama
edge was reported. Again, the 1260 cm21 band is assigned
to a combination between the symmetric (;400 cm21) and
antisymmetric (860 cm21) modes.
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B. Theoretical results

Table IV shows the relative energies and structure of
defect when confined toC2 ,C1 ,C1h , andD3d symmetry cal-
culated in a 64 Si or Ge atom supercell. It is clear that in
there is very little energy difference between all the stru
tures consistent with a tunneling model. In Ge, however,
bent Ge-O-Ge configuration, with an angle about 144°,
preferred with about 0.1 eV barrier to theD3d structure. In
these calculations the cell size was fixed using the calcula
host lattice parametera0

eq equal to 5.39 Å in Si, and 5.58 Å in
Ge. However, the high concentration of defec
(;1021 cm23) may result in a substantial volume chan
and this was investigated by allowing the cell volume
relax. Figure 2~a! shows the variation in the total energ
when the lattice parameter is varied. The energy differe
between theC2 andD3d structures vanishes for lattice dila
tions larger than 0.5% but theC2 structure is increasingly
favored under compression. The decrease in the energ
the cell when the lattice parameter is varied in this way
;30 meV in Si, while the bulk modulus is shifted down
wards by;2% in Si and upwards by 0.5% in Ge. The effe
of this concentration of oxygen is to increase the lattice
rameter by 0.3% in both Si and Ge. Since the density
oxygen is 1/64 of that of Si, then this corresponds to
increased lattice parameter ofe@O#/@Si#, wheree is found to
be 0.19. This agrees precisely with x-ray data giving
same value ofe.35,36

FIG. 2. Relative energies of~a! interstitial oxygen in Si
~squares! or Ge~circles!, and~b! staggered dimers in Si~squares! or
Ge~circles! versus the lattice parameter of a 64-atom cell.a0

eq refers
to calculated Si and Ge bulk lattice constants of 5.39 Å and 5.58
respectively.
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TABLE V. Formation energies~eV! for the single oxygen and dioxygen centers in Si and Ge. fccN, scN,
bccN, and ttrN denote face-centered-cubic, simple-cubic, body-centered-cubic, and tetragonal cells witN Si
or Ge atoms. In the third column,n denotes the BZ sampling scheme utilized.

MP-n3 Cell Oi O2
st O2

sk O2
dy VO VO2

Si 1 sc216 1.66 2.88
This work Si 2 sc64 1.81 3.08 3.27 4.79 3.85 3.93

Si 2 ttr96 3.04

Si 1 fcc128 1.1 2.0 2.1
Pesolaet al.a Si 2 sc64 3.7 3.7

Si 2 bcc32 1.8 3.0 3.4

This work Ge 2 sc64 1.19 1.76 2.31 3.61 3.05 2.94
Ge 2 ttr96 1.73

aReference 37.
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Table V gives the formation energy of Oi in different
sized cells. The calculated value lies between 1.66 and
eV in Si, somewhat larger than found by a plane-wa
method.37 Assuming the solubility is given byNBCe2Ef /kT,
whereNBC is the density of bond-center sites, we obtain
equilibrium solubility between 631016 and 231017 cm23 at
1300 °C. This compares with a measured solubility of ab
331018 cm23 which corresponds to a formation energy
interstitial oxygen of around 1.4 eV.25 These estimates hav
ignored the vibrational entropic contributions.

The O atom withC2 symmetry is displaced by 0.31 Å
from the BC site in a@110# direction leading to a Si-O-S
angle of 158°. The Si-O length is 1.62 Å, slightly long
than that in theD3d configuration. Table IV shows that sim
lar geometries are obtained in theC1 andC1h configurations.

The calculated LVM’s for theC2 andD3d structures and
their isotopic shifts are shown in Table VI. These are co
pared with values obtained previously32,37,34 and the ob-
served modes.38,29,39 The frequencies for the combinatio
bands were obtained by summing the fundamental mode

There are four fundamental modes for theC2 defect.
Asymmetric~B! and symmetric~A! stretch modes lie at 110
and 621 cm21 and a near degenerate pair of modes lie
518 cm21. The latter are split by 0.2 cm21 and lie below the
526-cm21 Raman frequency given by the Musgrave-Po
potential. They are recognized by their large amplitude
the two shells of Si neighbors to oxygen and arise from
compression of the back bonds by oxygen, but the oxy
atom does not participate in their motion. This follows fro
the insensitivity of these two lower modes to the oxyg
mass~Table VI!. However, a shift of 1 cm21 occurs when
one of the neighboring Si atoms is replaced by30Si. In D3d ,
the two highest modes haveA2u and A1g symmetry. The
latter is infrared inactive and implies that its analog inC2 at
621 cm21 would be only weakly IR active. The lower pair o
modes haveEu symmetry. The vibrational modes associat
with these frequencies are shown in Figs. 3~a!–3~c!.

The calculated LVM’s for bothC2 and D3d symmetries
are similar to each other and in good agreement with
experimental data. This is especially true for the mo
around 621 cm21 which has been detected as a partner
two combination bands.27,29 Thus, there is nothing in the
observed or calculated modes that allows the symmetry
81
e
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-

.

t

n
e
n

e
e
n
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the defect to be unambiguously identified. As describ
above, theD3d model has been singled out as it can expla
the fine structure of the 30-cm21 band. However, this band
is too low in frequency to be accurately modeled usingab
initio methods. Nevertheless, the effect of pressure on
high-frequency modes allows us to discriminate betwe
these models.

Figure 4 shows the LVM’s as a function of pressure. Th
dependence can be expressed through either the isotrop
ezospectroscopic tensor elementA1, given in Table VII, and
appropriate for a trigonal defect, or through the Gruneis
parameter,g52] ln v/] ln V. We find that, for theD3d

structure,A1 is positive for all LVM’s—in agreement with
experiment at low pressures.40,29,31,34 The large difference
between the values ofA1 for the 1136-cm21 band found by
uniaxial and hydrostatic stress experiments is in part due
the nonlinear fit employed in the latter.41

However,A1 is negative for theC2 structure as the buck
ling increases with pressure and leads to slightly dilated S
bonds. Experimentally, the asymmetric stretch mode
creases with increasing hydrostatic pressures beyond ab
GPa.5 This can be explained as a change from aD3d con-
figuration at low pressures to the buckled form for pressu
;1 GPa.

The stress tensor for Oi in Si has been calculated as d
scribed above. We find the principal values for theD3d struc-
ture areB3522B2522B15210.71 eV with the principal
direction ofB3 along theC3 axis. The negative value ofB3
indicates that the defect is compressive along the Si-O
bond as expected. These are in fair agreement with the
perimental results ofB3522B2522B15215.2 eV.6

In summary, the calculations find that interstitial oxyg
in Si, at normal pressures, is likely to tunnel between b
Si-O-Si configurations with effectiveD3d symmetry. In this
configuration, there are two localized fundamentals
1184 (A2u), 619 (A1g), and anEu resonance at 519 cm21.
The frequency of the modes increase with pressure. H
ever, for a critical pressure, the energy difference betw
the C2 and D3d configurations increases, and tunneling
longer occurs. In this case the O atom could still rota
around the~111! axis with the asymmetric stretch mode d
creasing with increasing pressure.
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TABLE VI. Calculated LVM’s (cm21), and their downward isotopic shifts for different configuratio
for Oi in Si and Ge. Results of previous calculations are given along with observed modes. Two-p
modes are estimated by a simple summation of asymmetric and symmetric fundamentals.

Mode 28Si 16O 28Si 30Si 16O 28Si 28Si 18O 28Si 30Si 18O 28Si

A1B 1729 14 53 66
Calc.a B 1108 4 50 54
C2 A 621 10 3 12

A,B 518 2 0 2

A1g1A2u 1803 14 54 68
Calc.a A2u 1184 4 55 58
D3d A1g 619 10 0 10

Eu 519 1 0 1

B 1098 50
Calc.b A 630 2

A 1104 53
Calc.c B 554 1

1748.6 12.2 52.6
1136.4 3.7 51.4 55.2

Observedd ;618 9.5 ;0
517.8 0.0

Mode 70Ge16O 70Ge 74Ge16O 74Ge 70Ge18O 70Ge 74Ge18O 74Ge

A1B 1248 8 55 63
Calc.a B 847 2 44 46
C2 A 401 6 11 17

A1B 1293 8
Calc.e B 878 3

A 416 6

1274.0 8.3
Observedf 862.91 1.01 43.28 45.45

412.1g 7.3g

aThis work.
bReference 37.
cReference 32.
dReference 38, except the 618-cm21 band from Ref. 29.
eReference 34.
fReference 39.
gThis frequency was calculated by assuming the existence of a combination modeA1B at 1274.0 cm21.
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In germanium, theD3d structure has energy 0.1-eV high
than the others which are all degenerate~see Table IV!. The
formation energy for Oi is lower than in Si and hence th
solubility of oxygen in Ge in equilibrium with GeO2 should
be higher. This suggests that precipitation of oxygen in
should have less tendency to occur. The Ge-O-Ge ang
143° and the oxygen atom lies 0.55 Å away from the BC s
with the Ge-O bond length at 1.73 Å. The energy barrier
the D3d case suggests that tunneling cannot occur, but
oxygen atom may rotate around the~111! axis. Table VI
gives the calculated and experimental LVM’s. Two fund
mental LVM’s lie at 847 and 401 cm21 and represent asym
metric and symmetric stretch modes of the Ge-O-Ge buck
unit. In general, these results are in agreement with prev
investigations.42,32,34,37,43In contrast with Si, these frequen
cies do not drop with increasing pressure and no m
e
is

e
o
e

-

d
us

e

around the Raman frequency occurs. The difference in
havior is probably due to the very different bond angle in t
two materials.

IV. DIFFUSION OF INTERSTITIAL OXYGEN

The activation energy for an oxygen atom hopping b
tween neighboring bond centers in Si has been measure
stress-induced dichroism44 to be 2.56 eV and the same ba
rier was found for the long-range diffusion of oxygen
measured by secondary-ion mass spectrometry.7 In Ge, the
diffusion energy is 2.08 eV.44 The similarities in the oxygen
diffusion energies in Ge and Si suggests an identical di
sion mechanism.

The saddle point for hopping between bond centers
been found to be theY-lid configuration withC2v symmetry
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and shown in Fig. 1~c!.24 In this configuration, both the O
atom and the Si1 neighbor are threefold coordinated.

In the present paper, the energy of theY lid is calculated
by relaxing 32, 64, and 128 atom cells with the symme
maintained to beC2v . The lattice parameter was again tak
to be given by the calculated bulk value. We found that in
this energy is 2.1 to 2.2 eV higher than theC2 structure when
using cells with these sizes. Allowing the volume of the c
to relax lowered the energy of theY-lid configuration by 10
meV. This has a negligible effect on the diffusion energy
the O atom is slightly perturbed, then upon relaxation wi
out any constraint, it returns to the stableC2 site. Thus the
calculated diffusion energy is about 2.2 eV compared w
an experimental value of 2.5 eV. This may be compared w
previous estimates of 2.8,25 1.8,9 2.2,8 and 2.0 eV.10

In a similar way, the energy of theY-lid structure in Ge is
found to be 1.70 eV above its ground state. In both materi
the diffusion barrier is underestimated by about 0.3 eV. T
may result from inadequacies in local density-function
theory or slow convergence in cell size or basis.

V. INTERSTITIAL OXYGEN DIMERS

A. Introduction

When oxygen-rich Si is heated to around 450 °C, a fam
of thermal double donors are formed and it is known that
process whereby the early thermal double donors are tr

FIG. 3. Normal coordinates of the vibrational modes for Oi in Si
@~a!, ~b!, and~c!# and for the dimer modes at 666 and 705 cm21 @~d!
and ~e!#. The two components of theEu mode in ~a! are distin-
guished by filled and outlined arrows. The 666 cm21 mode in~d!
has a small induced dipole moment arising from the movement
the oxygen atoms which are out of phase with each other.
normal to the projected plane is given in each case.
y
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formed into later ones is activated with an energy
;1.8 eV.45,25 If the conversion is due to oxygen aggreg
tion, then this implies that some oxygen species can diff
at a much faster rate than isolated oxygen atoms. Moreo
careful studies of the loss of the intensity in the 1136-cm21

band with prolonged anneals below 500 °C strongly sugg
a fast diffusing dimer. This makes the dimer species a
entity in kinetic studies of oxygen aggregation in Si.46,47

A suggestion for a fast diffusing oxygen-related spec
was made by Go¨sele and Tan48 and attributed to an O2 mol-
ecule. However, later calculations indicated that the m
ecule was less stable than an oxygen dimer where both
gen atoms are tilted along the@110# direction with respect to
each other@see Fig. 5~a!#.9 Here the oxygen atoms wer
found to be bound by 1 eV.

Subsequent infrared-absorption studies have identified
LVM’s of an oxygen dimer. These lie at 1060, 1012, 69
and 556 cm21. The intensities of these modes vary with th
square of the Oi concentration15 and in the 16O-18O mixed
isotopic case, unique modes are detected demonstrating
presence of two oxygen atoms that are dynamically coup
The two oxygen atoms, O1 and O2, must be inequivalent as
these unique modes are only found in one of the16O1-18O2
combinations. This unusual behavior is reflected in the int
sities of the modes.15

Further investigations suggested that a second dim
called the skewed@see Fig. 5~b!# because a Si-Si bond sep
rates the Si-O-Si units which lie in different~110! planes, is
energetically competitive with the staggered dimer.14,15 Pre-
viously, we found, using the cluster method, that the skew
dimer possesses LVM’s closer to the experimental val

of
e

FIG. 4. Effect of pressure on LVM’s of interstitial oxygen in S
~upper row! and Ge~lower row!.
een

TABLE VII. Calculated values for the isotropic piezospectroscopic tensor elementA1 (cm21 GPa21) for

local modes of Oi along with the experimental data. Gru¨neisen parameters for each mode are betw
parentheses.

Mode Si:C2 Si:D3d Obs. Ge:C2

A2u1A1g /A1B 20.78 (20.13) 2.28 ~0.37! 3.68 ~0.50!
A2u /B 22.11 (20.55) 1.81 ~0.45! 0.77a, 0.2b 1.64 ~0.44!
A1g /A 1.33 ~0.62! 0.47 ~0.22! 0.82 ~0.50!
Eu /A,B 0.86 ~0.47! 0.84 ~0.47! ;1.1b

aReference 5.
bReference 26.
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than those of the staggered dimer. The converse was, h
ever, found by Pesolaet al.16 To address this problem, th
LVM’s have been reevaluated using the supercell meth
The temperature dependence of the two highest mode
anomalous as their frequencies decrease with tempera
We shall show that this can be explained by an increa
bucking which occurs under pressure.

In Ge, interstitial oxygen dimers have not been identifi
and few theoretical studies have been performed.49 However
it is reasonable to expect that oxygen clustering in Ge w
start with the dimer formation as in Si.

B. The oxygen dimer

The structure, energetics, and vibrational modes of
staggered, skewed, and double-Y-lid dimers shown in Fig. 5
were calculated mainly in 64-atom supercells, although so
calculations used 96- or 216-atom supercells.

Table V gives the formation energy of these dimers. Ce
with 64 and 96 silicon atoms give values within 0.04 e
suggesting that they are sufficiently large. The formation
ergy calculated in the largest 216 cell is not necessarily m
accurate than found in the 64- or 96-atom cells as only onk
point was used to sample the band structure in this c
Figure 2~b! demonstrated that the effect of allowing the c

FIG. 5. Schematic structure of oxygen dimers.~a! Staggered
(O2

st), ~b! skewed (O2
sk), and~c! double-Y lid (O2

dy). Oxygen atoms
are gray.
w-

d.
is
re.
d

d

ll

e

e

s
,
-

re

e.
l

volume to relax is negligible, consistent with the view th
64-atom cells are sufficiently large.

The binding energies for the dimers obtained from t
formation energies in Table V are given in Table VIII whe
they are compared with previous studies. The binding ene
of the oxygen atoms in the staggered dimer is found to
about 0.5 and 0.6 eV in Si and Ge, respectively. An exp
mental estimate in Si is about 0.3 eV.14 The skewed configu-
ration is less favored by about 0.2 eV in Si, but is on
marginally bound in Ge. Table IX gives structural details
the dimers.

The symmetric double-Y-lid dimer is found to be ener-
getically disfavored by about 1.2 eV relative to two isolat
oxygen atoms in both Si and Ge. This is in contrast w
previous work on this structure in Ge which found this stru
ture to be bound with an energy of 0.7 eV.49 Nevertheless,
the 1.2 eV required to form the symmetric double-Y lid sug-
gests that the dimer can diffuse with at least this activat
energy which is lower than the barrier for single oxyg
diffusion. This is a subject we shall investigate in the ne
subsection.

We also investigated the O2 molecule lying at aT site.
This oxygen dimer is not stable, being 6.03-eV higher
energy than the staggered dimer. We discuss the stab
relative toVO2 in Sec. VII and now turn to the vibrationa
modes of the dimers.

The LVM’s for the staggered and skewed dimers we
found by evaluating the energy second derivatives betw
the O atoms and their Si neighbors. They are given in Ta
X along with the observed modes. There are five modes
the dimer but only four have been detected. The calcula
modes are within 40 cm21 of the observed ones. Howeve
of great importance is their isotopic shifts. For the stagge
dimer, when the oxygen atom labeled O2 in Fig. 5 is replaced
by its 18O isotope, the 1017-cm21 mode drops only by
TABLE VIII. Binding energies~eV! for interstitial dioxygen centers in Si and Ge. fccN, scN, bccN, and
ttrN denote face-centered-cubic, simple-cubic, body-centered-cubic, and tetragonal cells withN Si or Ge
atoms. In the third column,n denotes the BZ sampling scheme utilized.

Crystal MP-n3 Cell O2
st O2

sk O2
dy

Si 1 sc216 0.44
This work Si 2 sc64 0.54 0.35 21.17

Si 2 ttr96 0.58

Si 1 fcc128 0.2 0.1
Pesolaet al. a Si 2 bcc32 0.6 0.2

Chadib Si bcc32 0.4

Needelset al. c Si fcc16–sc64 1.0

This work Ge 2 sc64 0.62 0.07 21.23
Ge 2 ttr96 0.65

Chadib Ge bcc32 0.7

aReference 37.
bReference 49.
cReference 9.
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TABLE IX. Bond lengths~Å! and angles~deg! for oxygen dimers in Si and Ge~represented byX),
shown in Fig. 5.

Crystal Si Ge
dimer Staggered Skewed Double-Y lid Staggered Skewed Double-Y lid

O1-X1 1.66 1.61 1.75 1.77 1.73 1.86
O1-X2 1.64 1.62 2.11 1.74 1.74 2.19
O1-X4 1.75 1.85

O2-X2 1.63 2.11 1.74 2.19
O2-X3 1.67 1.63 1.75 1.77 1.75 1.86
O2-X4 1.63 1.74
O2-X5 1.75 1.85

X2-X3 2.29 2.39
X4-X5 2.37 2.57

X1-O1-X2 130 166 146 125 147 147
X1-O1-X4 131 128
X2-O2-X3 127 146 124 147
X3-O2-X4 148 131 138 128

TABLE X. Calculated LVM’s (cm21) and their downward isotopic shifts for staggered and skew
dimers (O2

st and O2
sk, respectively! in Si and Ge, along with the experimental observations.

16O1 , 16O2
16O1 , 18O2

18O1 , 16O2
18O1 , 18O2

Calc.a Calc.b Calc.a Calc.b Calc.a Calc.b Calc.a Calc.b

1017 1033 2 1 28 40 46 46
984 984 41 42 17 6 42 42

Si:O2
st 705 697 4 4 9 6 14 11

666 661 9 6 3 3 10 8
543 566 0 0 0 0 0 0

1166 1104 0 1 52 52 53 50
1094 1091 48 48 1 23 49 50

Si:O2
sk 636 643 3 2 0 1 3 3

624 627 1 1 0 2 1 3
552 558 0 0 0 0 0 0

1060 ;0 39 48
1012 42 8 43

Observedc 690 4 ;4 10
556 ;0 ;0 0

784 8 17 41
749 32 23 38

Ge:O2
st 517 8 11 22

466 13 9 18

849 4 1 44
843 40 42 44

Ge:O2
sk 389 1 10 11

366 7 0 7

aThis work.
bReference 16.
cReference 15.
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2 cm21 but the 984-cm21 mode drops by 41 cm21. These
are in excellent agreement with observed drops of;0 and
42 cm21, respectively. However, when O1 in Fig. 5 is re-
placed by18O, the 1017 cm21 mode is expected to drop b
about 40 cm21, bringing it close to the 984-cm21 mode.
The two modes then are in resonance and become cou
leading to shifts of 28 and 17 cm21 in each mode. These ar
to be compared with observed shifts of 39 and 8 cm21.
Clearly the degree of coupling is overestimated but is l
than that found by the cluster method previously.

The calculated shifts in the 705- and 666-cm21 modes are
14 and 10 cm21, respectively, and 0 cm21 for the 543 cm21

mode. These shifts are in reasonable agreement with shif
the observed bands at 690 and 556 cm21.

In the skewed configuration, the modes are essenti
decoupled and the frequencies too high. They resemble t
of two isolated oxygen interstitials. This suggests that
observed modes arise from the staggered dimer.

Only one of the modes around 690 cm21 has been de-
tected probably because the transition moment in the oth
very small. The displacements of the atoms are shown s
matically in Figs. 3~d! and 3~e!. Locating point charges a
each O and neighboring Si atoms leads to an induced di
moment which is three times greater in the 705-cm21 mode
than in the 666-cm21 mode. This probably occurs as th
displacements of the oxygen atoms are in phase in
705-cm21 mode and out of phase in the 666-cm21 mode.
We therefore assign the observed 690-cm21 band to the
higher frequency.

In Ge, the dimer modes are very similar to those in Si a
the two high-frequency stretch modes are reduced by a fa
of 0.77 from the asymmetric stretch mode of Oi while the
lower pair are reduced by a factor of about 0.73. A band
780 cm21 detected in annealed electron-irradiated oxyg
doped Ge has been attributed to the dimer.50 This band is
shifted downwards by 23 and 41 cm21 in 18O-16O mixtures.
The position of the dimer band and its isotopic shifts agr
with the calculated mode at 749 cm21 which shifts 23 and
38 cm21 with 18O doping. However, further work is nece
sary to determine the other modes of the dimer. Further s
port for the assignment of this band to an oxygen aggreg
comes from recent findings of a strong enhancemen
thermal-donor concentrations consequent upon annealin
radiated material containing the 780-cm21 band.51

The dimer modes in Si are observed to display an ano
lous temperature dependence. Normally, the fundame
frequency of a defect increases with decreasing tempera
resulting from strengthened bonds arising from the latt
contraction. However, the bands at 1012 and 1060 cm21

shift downwards with temperature.15 To investigate this
anomaly we decreased the lattice parameter in the 64-a
supercell containing the staggered dimer. The effect wa
decrease further the Si-O-Si angles, i.e., increase their b
ling, and reduce the asymmetric stretch modes as show
Fig. 6. Thus, if the effect of lowering the temperature
simply to contract the lattice and impose a pressure on
dimer, then the upper two modes would decrease in
quency while the lower modes would increase. The sa
situation holds for the dimer in Ge—in contrast with wh
was found for Oi in this material. However, the band a
780 cm21, attributed to dimers in Ge, does not appear
led

s

in

ly
se
e

is
e-

le

e

d
tor

t
-

s

p-
te
in
ir-

a-
tal
re

e

m
to
k-
in

e
-
e

shift anomalously with temperature. There clearly are t
opposing effects at work: the first is an increased buckl
which leads to a downward shift in frequency, and the s
ond is the compression of the X-O bond lengths which le
to a frequency increase. In Si the first effect is dominant,
the second dominates in Ge.

C. Diffusion of the dimer

The activation energy for movement of the dimer w
investigated using three different diffusion paths:~i! a corre-
lated jump of both oxygen atoms from the staggered confi
ration through the asymmetric double-Y-lid structure of
curve ~i! in Fig. 7, ~ii ! a partial dissociation involving an
asymmetricY lid as in curve~ii ! of Fig. 7, and a transition
between the staggered and skewed dimers as propose
Pesolaet al.16 and shown in curve~iii ! of Fig. 7. The migra-
tion energies were determined by relaxing the cell with co
straints on the lengths of the O-X bonds as described earlie
and shown in the figure.

Path~i! leads to a migration energy of 1.4 eV,~ii ! leads to
a similar barrier of 1.6 eV, although the complete diffusi
event requires the oxygen atom at the left side to mak

FIG. 6. Effect of pressure on LVM’s of the staggered dimer
Si ~upper row! and Ge~lower row!.

FIG. 7. Energies~eV! along three diffusion paths discussed
the text for oxygen dimers in Si~solid lines! and Ge~dashed lines!.
DE is the energy relative to a stable dimer. Thex axis refers to the
value of the constrained variablesc5r11

2 2r12
2 5r21

2 2r22
2 .
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similar jump to reform the dimer. However, symmetry co
siderations require this second step to be equivalent to
first. Path~iii ! is activated by a barrier of 2.2 eV, and r
sembles the diffusion of isolated interstitial oxygen.

One can rationalize these results by noting that in~i! both
threefold-coordinated Si atoms labeled 1 in Fig. 1~c! are now
bonded to the other O atoms. Similarly, in~ii ! the tensile
strain along@110# in theY lid is offset by the presence of th
second O atom. The effect of both these processes is to tr
port the dimer along@110# but both lead to a staggered dim
which tilts in the opposite direction. Before long-range m
gration can occur, the dimer must reorientate and point in
opposite direction. The energy barrier for this is found to
low: 0.38 eV in Si and 0.65 eV in Ge. Thus we conclude th
the diffusion path probably occurs by the staggered dim
migrating along its@110# axis with a correlated jump of both
oxygen atoms.

For Ge, Fig. 7 shows that the energy surface around
saddle-point is flatter than in Si. This is because the sma
Ge-O-Ge angle means that the oxygen atom is ‘‘closer’’
the saddle point and consequently the ‘‘length’’ of the t
jectory is shorter. In summary, the calculations demonst
that oxygen dimers diffuse in Si and Ge with barriers ab
0.8 and 0.6 eV, respectively, below the calculated barr
for Oi .

VI. SUBSTITUTIONAL OXYGEN: VO

A. Introduction

The vacancy oxygen (VO or A center! is one of the most
common defects produced by room-temperature electron
radiation of Si or Ge containing oxygen.52,53,50It is believed
to form through trapping of mobile vacancies by interstit
oxygen atoms. The accepted structure is shown in Fig.~a!
and involves a weak Si-Si reconstructed bond between th

FIG. 8. TheVO ~left! and VO2 ~right! centers. In~a! the dark
bond represents a reconstructed bond between Si or Ge ato
and 4.
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atoms labeled 3 and 4. In Si, the defect has an acceptor l
at Ec20.17 eV,52 while the corresponding defect in Ge ha
an acceptor level located atEc20.25 eV.54 The acceptor
level of the defect in Si has been calculated previously by
cluster method to beEc20.13 eV.55

In Si, VO(0) and VO(2) are known to possess IR-activ
LVM’s with B1 symmetry at 835 and 885 cm21,
respectively.53,56However, in Ge only one band at 620 cm21

has been attributed to the defect,50 probably in the neutral
state.

Previous theoretical work has successfully investiga
the defect in Si, although the upward shift in the LVM fo
VO(2) was not reproduced.57,37 Recent experimental work
has assigned a combination bandA11B1 around
1400 cm21, whereA1 is a symmetric stretching mode.58,59

B. Results for theVO center

Table XI gives structural details of the neutralVO(0) and
chargedVO(2) defects in both Si and Ge as found in ce
with 64 atoms. The O atom in both charge states mo
away from theT site and bridges two host atoms. The leng
of the reconstructed bond increases from 3.26 Å in the n
tral defect to 3.42 Å in the negatively charged center. T
small change leads, as we shall show below, to a dram
change in the piezospectroscopic tensor. Similarly, the S
bond length decreases on trapping an electron and this l
to an increase on the frequency of the oxygen stretch mo

Table V gives the formation energies of the interstit
and neutral substitutional oxygen centers. It is clear that
formation energy ofVO exceeds Oi by more than 2 eV, and
thus the substitutional defect is only expected to be found
high temperatures or in the presence of a nonequilibri
concentration of vacancies produced, for example, by i
diation. Nevertheless, there is a strong binding betwee
vacancy and interstitial oxygen. The reaction energies
given in Table XII. Here a positive value indicates that t
reaction is exothermic. This table shows there is a bind
energy of about 1.6 eV betweenV and Oi . The formation
energies for the vacancies in Si and Ge used in Tables V
XII were evaluated in 63-atom cells to be 3.61 and 2.20 e
respectively, in good agreement with recent plane-wa
calculations.60,61

In the negative charge state, the O atom is displaced a
from the reconstructed bond consistent with the idea that
additional electron is trapped in this bond and repels
negatively polarized O atom. This movement leads to a co
pression of the bonds around O implying an enhancemen
the LVM as shown in Table XIII.

s 3
TABLE XI. Bond lengths~Å! and angles~degrees! for VO andVO2 centers in Fig. 8.X is Si or Ge and
V denotes the center of the vacancy.

Si Ge
VO(0) VO(2) VO2 VO(0) VO(2) VO2

O1-X1 1.70 1.68 1.67 1.79 1.79 1.77
X1-X2 3.26 3.27 3.28 3.45 3.46 3.48
X3-X4 3.32 3.42 3.28 3.36 3.36 3.48
X1-O-X2 150 154 158 150 152 158
O-V 1.05 1.08 1.23 1.13 1.14 1.31
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TABLE XII. Reaction energies~eV! of vacancy-oxygen-hydrogen defects in Si and Ge. Negative va
indicate endothermic behavior.

Silicon Germanium
Reactants → Products Calc.a Calc.b Calc.a

V1Oi → VO 1.57 1.4c, 0.8d 0.36
Oi → VO1Si 22.04 21.86
V1O2i → VO2 2.76 2.6c, 1.6d 1.04
O2i → VO21Si 20.85 21.18
Oi1VO → VO2 1.73 1.8c, 1.0d 1.30
VO1O2i → VO21Oi 1.19 1.2c, 0.8d 0.68
VO1HBC → VOH 2.02
VO1H2 → VOH1HBC 20.09
VO1H2 → VOH2 2.41
VO12HBC → VOH2 1.19
VOH1HBC → VOH2 2.51
VOH1H2 → VOH21HBC 0.40

aThis work.
bReference 37.
cUsing MP-23 for BZ sampling.
dUsing G point for BZ sampling.
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The VO complex in Si has two fundamental local mod
and a combination band whose frequency is estimated fro
simple sum of the two fundamentalA1 and B1 modes. The
calculated values are within 10 cm21 for Si and about
20 cm21 for Ge. In Si all three modes are strongly depend
on the charge state of the complex and increase in freque
for the negative charge state. In Ge only one localized m
is found. It should be noted that within the local-dens
approximation~LDA !, Ge is predicted to be a semimetal—
the conduction-band minimum atL has the same energy a
the valance-band maximum atG. This implies that the ac-
ceptor wave function inVO(2) is delocalized and conse
a

t
cy
e

quently the calculated shift in theB1 mode probably under-
estimates the true shift.

Two other configurations for theVO complex were inves-
tigated: firstly when the O atom is situated at theT lattice
site, and secondly when it lies along one of the@111# direc-
tions with C3v symmetry. In the neutral charge state, the
configurations are less stable than theC2v form being 0.51
~0.10! eV and 0.26~0.05! eV higher in Si~Ge!, respectively.
In the negative charge state these energies increase by fa
of about 2 in Si and 4 in Ge. These results give an estim
of the activation barrier for the reorientation of the stab
C2v defect when its alignment changes from one@100# axis
ith

9

TABLE XIII. LVM’s and their downward isotopic shifts (cm21) for VO andVO2 complexes in Si and Ge. These are compared w
experimental infrared data.

16O 18O 16O, 18O
Mode Obs. Calc.a Calc.b Calc.c Obs. Calc.a Calc.b Calc.c Obs. Calc.a Calc.b Calc.c

A11B1 1370.0 1387 37.5 38
Si:VO(0) B1 835.8 839 843 787 35.9 37 37 38

A1 ;534 548 540 ;1 1 3

A11B1 1430.1 1404 39.1 39
Si:VO(2) B1 885.2 872 850 38.2 38

A1 ;545 532 539 ;1 1

E 894 893 912 806 39 41 41 39 0, 39 0, 41 0, 41 0, 3
Si:VO2 A1 593 594 656 6 7 19 3 9

B2 557 554 564 0 3 9 0 5

Ge:VO(0) B1 620 642 31 33
Ge:VO(2) B1 643 33

E 690 36 0, 36
Ge:VO2 A1 363 13 6

aThis work.
bReference 37.
cReference 62.



ac
ith
t
w
o

a

ut
b

n
lue
y.

l
e
ile
na
a
th
c

e
a

°C
a

a
ith

w
y-
d

y-
fa
ea
ed

th

ng

in
ur
-O
r
th

in
d
si

en

e

any
his
l
e

Si
des,

n-

the

and
m-
tch

Si
r-

m

ses
of

.18
me
TS
s-
here

to
reti-

he
an-
tal
ble

e
Si
d at
-

PRB 62 10 837OXYGEN AND DIOXYGEN CENTERS IN Si AND Ge: . . .
into another. Electron paramagnetic~EPR! studies in Si re-
veal that the reorientation barrier of the neutral defect is
tivated with an energy of 0.38 eV in good agreement w
the calculated value of 0.26 eV.52,53 Our calculations predic
that in the negative charge state the reorientation barrier
be higher. This is in support of measurements on the rec
ery of the stress-induced dichroism of the 885-cm21 vibra-
tional band, where a value between 0.4 and 0.5 eV w
estimated.67

The calculated values of the stress tensor for theVO de-
fect in Si also depends on the charge state. For the ne
defect, we find the three principal values and directions to
B1529.79 eV ~along @100#: the C2 axis!, B255.49 eV
~along @011#!, and B354.48 eV ~along @011̄#). The @011#
and @011̄# directions are parallel to the Si-O-Si and reco
structed Si-Si bonds, respectively. The experimental va
for B1 ,B2, andB3 are211.1, 6.1, and 4.9 eV, respectivel

For the negative charge state,B1 , B2, andB3 are found to
be26.83, 7.81, and20.55 eV compared with experimenta
values of28.4, 8.8, and20.4 eV, respectively. The chang
of sign of B3 indicates that the defect is now less tens
along the ‘‘reconstructed’’ bond. This arises as the additio
electron occupies an antibonding orbital and pushes outw
the surrounding lattice. However, this argument ignores
differences in the volumes of the neutral and charged defe
In fact we found that the neutral defect led to a decreas
the volume of the supercell compared with bulk Si where
the charged defect led to a slight increase.

VII. THE SUBSTITUTIONAL OXYGEN DIMER: VO2

The A center in Si is known to anneal out around 300
with a simultaneous appearance of a strong line
894 cm21. This line was originally assigned to theVO2
center,63 formed when an interstitial oxygen atom traps
mobileVO center. However, there are some difficulties w
this assignment. The concentration of Oi appears to remain
constant during the formation of the 894-cm21 band, stress
splitting measurements indicate a defect with lo
symmetry26 and, in addition, the two O atoms must be d
namically decoupled as additional modes are not detecte
isotopically mixed samples.64,65 Previous modeling, how-
ever, supports the assignment toVO2 with D2d
symmetry.66,57,37 There the O atoms were found to be d
namically decoupled and the calculated modes were in
agreement with the data. In addition, when the defect ann
out three high-frequency O-related LVM’s are observ
which are consistent with the formation ofVO3.57 Moreover,
recent stress alignment experiments find the symmetry of
center to beD2d consistent with aVO2 defect.67

Our results support previous theoretical work in findi
the ground-state structure possessesD2d symmetry. Here
both oxygen atoms occupy equivalent positions by bridg
atoms neighboring the vacancy as shown in Fig. 8. Struct
details are given in Table XI, where it is noted that the Si
bond lengths are shorter than inVO and there is a large
displacement of both oxygen atoms from the center of
vacancy.

Table V shows that the formation energy of the defect
Si ~Ge! is 0.85 eV~1.18 eV! higher that that of the staggere
dimer. Thus arguments based on simple volumetric con
-
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erations implying that the aggregation of pairs of oxyg
atoms lead to the creation of Si~Ge! interstitials are unlikely
to be correct. The binding energy of Oi with a preexisting
VO defect is 1.73 eV.

The LVM’s of the defect are given in Table XIII. Thes
are in excellent agreement with the observed 894-cm21 band
and the O atoms are found to be decoupled without
additional modes appearing in the mixed isotopic case. T
is in agreement with experiment.64 The stress tensor is axia
with B35211.81 eV and the principal direction is along th
C2 axis joining the two O atoms andB15B255.9 eV. It has
not yet been measured.

The VO2 center in Ge has similar properties to the
center but has not yet been detected. The vibrational mo
given in Table XIII, consist of modes at 690 and 363 cm21.

VIII. INTERACTION OF VO WITH HYDROGEN

It is known that hydrogen complexes with single vaca
cies by saturating the Si or Ge dangling bonds lead toVHn
defects wheren runs from 1 to 4.68–71 In addition, recent
work has demonstrated that hydrogen is easily trapped by
A center in Si-formingVOHn defects wheren is 1 or 2. The
latter produces infrared-absorption bands at 2151, 2126,
943 cm21, which were assigned to the symmetric and asy
metric stretch modes of Si-H and the asymmetric stre
mode of the oxygen atom, respectively.72 However, no indi-
cation of the presence of the partially passivatedA center
(VOH) was found in this work.

The VOH center was suggested to account for theE3
deep-level transient spectroscopy acceptor level atEc
20.31 eV formed in proton-implanted floating-zone
crystals.73 EPR experiments identify the center which pe
sists until 290 °C in proton-implanted CZ Si.74 The hyperfine
interaction with the proton located 2.5 Å from the Si ato
with a dangling bond was resolved. The defect hasC1h sym-
metry below 180 K, but above 240 K the center posses
C2v symmetry arising from a thermally activated hopping
the H atom between dangling bonds.74,75 The activation en-
ergy for the hopping of H and D atoms was found to be 0
and 0.26 eV, respectively, for the neutral defect. The sa
C2v symmetry was found from a recent stress Laplace DL
study on theE3 center.75 This is because the electron emi
sion rate measured in DLTS occurred at a temperature w
the H atom was able to hop between Si dangling bonds.

No vibrational modes of the defect have been reported
date. Previously, the defect had been investigated theo
cally using a Hartree-Fock cluster method.76

A. Theoretical results

Relaxation of the neutralVOH defect withC1h symmetry
gave the Si-H and Si-O lengths to be 1.50 and 1.68 Å. T
distance between the H atoms and the Si atoms with a d
gling bond is 2.7 Å in good agreement with the experimen
estimate of 2.5 Å. The vibrational modes are given in Ta
XIV. The vibrational activity of VOH arises from almost
decoupled oscillations of Si-O-Si and Si-H units. Th
854-cm21 mode is due to an asymmetric stretch of Si-O-
while hydrogen-related stretch and bend modes are foun
2042, 578, and 532 cm21, respectively. These are recog
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nized as such from the displacements of these atoms in
modes. Mixed isotopic data show these modes are alm
decoupled. The 565-cm21 mode is a breathing mode show
ing a small shift for both18O and D substitution. The Si-D
wag modes fall within the lattice modes, and thus no isoto
shifts are available in Table XIV. In the negative char
state, the 854-cm21 mode increases to 901 cm21. This mir-
rors the changes in the local mode ofVO when it traps an
electron.

The activation energy for H hopping between the Si d
gling bonds can be found by relaxing the defect withC2v
symmetry. This gave a barrierEa of 0.11 eV for the neutral
defect but this neglects the zero-point energy of the H at
If we assume that the contribution of this vanishes at
saddle point, where the Si-H bonds are very long at 1.80
then the barrier will include the contribution of2\v/2
wherev is the frequency of the Si-H stretch mode given
Table XIV. The inclusion of this term effectively eliminate
the barrier and implies that tunneling must become imp
tant. It is known that the barrier is apparently greater in the
case by about 0.07 eV.74 For the negatively charged cente
the barrier increases to 0.18 eV.

In addition to the hopping of H, the O atom can also jum
between different̂ 100& axes. An upper limit to this barrie
can be found by constraining both O and H to lie on the sa
^111& axis.Ea for this configuration is 0.42 and 0.72 eV fo
the neutral and negatively charged defects, respectiv
These values are greater than found for theA-center consis-
tent with the view that both H and a trapped electron impe
the hopping of the O atom.

Table XII shows that a hydrogen molecule is not sta
when VO centers are present, and will dissociate to fo
VOH2 defects. This explains the lack of observations
VOH in samples into which molecular hydrogen
diffused.72 Nevertheless, there is a binding energy of 2
between theA center and an isolated bond-centered H at
suggesting thatVOH centers, once formed, can be stable
temperatures around 300 °C.

TABLE XIV. LVM’s of VOH in Si and their downward isoto
pic shifts (cm21) for 18O and D substitution.R labels indicate
resonant modes.

16O, H 18O, H 16O, D 18O, D

2042.4 0.0 575.3 575.4
854.4 37.6 0.0 37.6

VOH(0) 578.5 0.0 R R
565.2 1.5 5.9 7.8
532.5 0.4 R R

2045.7 0.0 576.0 576.0
901.2 40.2 0.0 40.0

VOH(2) 594.3 0.0 R R
571.8 0.3 5.5 6.9
554.1 1.6 R R
he
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IX. CONCLUSIONS

The ab initio calculations carried out using Gaussian o
bitals in large supercells have revealed a number of feat
not found previously. In Si, the effect of pressure on the lo
modes of interstitial oxygen is entirely consistent with t
view that, at low pressures, the defect hasD3d symmetry
with an effective Si-O-Si angle of 180°. However, the ba
rier to a bent Si-O-Si configuration increases with increas
pressure so that the defect eventually assumes a buc
form. Nevertheless, the oxygen atom can still rotate aro
the ^111& axis. This is the stable form for the defect in G
The oxygen interstitial in Si possesses three high-freque
fundamental modes. Besides the well-known asymme
stretch mode at 1136 cm21, there is an infrared inactiveA1g
mode around 621 cm21 and anEu mode localized on the S
neighbors to the oxygen atom lying just below the Ram
edge. The diffusion of Oi has been considered and the c
culated activation barrier is about 2.2 eV in Si and 1.7 eV
Ge which are within 0.3 eV of the experimental values.

The piezospectroscopic tensors for the local modes
well as the stress tensor for the defect have been evalu
here. The stress tensor demonstrates that the reconstr
bond inVO breaks when an electron occupies the antibo
ing state and the atoms with broken bonds move away fr
each other compressing the lattice. This type of calculat
can be extended to many defects and links directly to
energy calculations with spectroscopic data obtained fr
stressed crystals in which defects have been aligned.

The oxygen dimer, in both Si and Ge, is stable in t
staggered form with modes calculated to be in good ag
ment with experiment. It is surprising that the two stret
modes of the dimer, in which the oxygen atoms share a c
mon Si neighbor, are ‘‘almost’’ dynamically decoupled. Th
anomalous temperature dependence for the modes in S
been linked to an increased buckling occurring during
contraction of the crystal when cooled. This seems to b
signature of a buckled oxygen bridge in Si and its obser
tion has implications for other defects. The dimer is found
be stable against the formation of O2 molecules andVO2
defects. The barrier to diffusion of the dimer is about 0.8
and 0.6 eV lower in Si and Ge, respectively, than that of Oi .
The diffusion path involves a concerted movement of
pair of atoms along a path which eliminates dangling bon
at the saddle point.

The VO and VO2 defects are examined and it is foun
that charging the former defect leads to an increase in
quency as observed, while the latter is responsible for
894-cm21 band in Si. Confirmation that the 894-cm21 band
is due toVO2 could come from an evaluation of the stre
tensor which is given here. TheVOH defect is remarkable in
that the H and O atoms can break their bonds leading
reorientation of the defect with activation barriers of a fe
tenths of an eV. The barriers are larger for the negativ
charged defects.
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15S. Öberg, C.P. Ewels, R. Jones, T. Hallberg, J.L. Lindstro¨m, L.I.

Murin, and P.R. Briddon, Phys. Rev. Lett.81, 2930~1998!.
16M. Pesola, J. von Boehm, and R.M. Nieminen, Phys. Rev. L

82, 4022~1999!.
17C.P. Ewels, Ph.D. thesis, University of Exeter, 1997.
18M. Ramamoorthy and S.T. Pantelides, Solid State Commun.106,

243 ~1998!.
19J.P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!.
20G.B. Bachelet, D.R. Hamann, and M. Schlu¨ter, Phys. Rev. B26,

4199 ~1982!.
21H.J. Monkhorst and J.D. Pack, Phys. Rev. B13, 5188~1976!.
22R. Jones and P.R. Briddon, inIdentification of Defects in Semi

conductors, edited by M. Stavola, Semiconductors and Sem
metals, Vol. 51A~Academic Press, San Diego, 1998!.

23F. Birch, J. Geophys. Res.57, 227 ~1952!.
24R. Jones, S. O¨ berg, and A. Umerski, Mater. Sci. Forum83-87,

551 ~1991!.
25R.C. Newman and R. Jones, inOxygen in Silicon, Ref. 1, p. 289.
26D.R. Bosomworth, W. Hayes, A.R.L. Spray, and G.D. Watkin

Proc. R. Soc. London, Ser. A317, 133 ~1970!.
27H. Yamada-Kaneta, C. Kaneta, and T. Ogawa, Phys. Rev. B42,

9650 ~1990!.
28H. Yamada-Kaneta, Phys. Rev. B58, 7002~1998!.
29T. Hallberg, L.I. Murin, J.L. Lindstro¨m, and V.P. Markevich, J.

Appl. Phys.84, 2466~1998!.
30M. Gienger, M. Glaser, and K. Laßmann, Solid State Comm

86, 285 ~1993!.
31W. Kaiser, J. Phys. Chem. Solids23, 255 ~1962!.
32R. Jones, A. Umerski, and S. O¨ berg, Phys. Rev. B45, 11 321

~1992!.
h-

,

s,

nd

.

t.

-

,

.

33L.C. Snyder, R. Wu, and P. Dea´k, Radiat. Eff. Defects Solids
111&112, 393 ~1989!.

34E. Artacho, F. Yndura´in, B. Pajot, R. Ramrez, C.P. Herrero, L.
Khirunenko, K.M. Itoh, and E.E. Haller, Phys. Rev. B56, 3820
~1997!.

35D. Shaw, inAtomic Diffusion in Semiconductors~Plenum, New
York, 1973!.

36M. Imai, H. Noda, M. Shibata, and Y. Yatsurugi, Appl. Phy
Lett. 50, 395 ~1987!.

37M. Pesola, J. von Boehm, T. Mattila, and R.M. Nieminen, Ph
Rev. B60, 11 449~1999!.

38B. Pajot, E. Artacho, C.A.J. Ammerlaan, and J-M. Spaeth,
Phys.: Condens. Matter7, 7077~1995!.

39A.J. Mayur, M.D. Sciacca, M.K. Udo, A.K. Ramdas, K. Itoh,
Wolk, and E.E. Haller, Phys. Rev. B49, 16 293~1994!.

40H.J. Hrostowski and R.H. Kaiser, Phys. Rev. B107, 966 ~1957!.
41M. D. McCluskey~private communication!.
42E. Martinez, J. Plans, and Felix Yndura´in, Phys. Rev. B36, 8043

~1987!.
43K. Laßmann, C. Linsenmaier, F. Maier, F. Zeller, E.E. Halle

K.M. Itoh, L.I. Khirunenko, B. Pajot, and H. Mu¨ssig, Physica B
263-264, 384 ~1999!.

44J.W. Corbett, R.S. McDonald, and G.D. Watkins, J. Phys. Ch
Solids25, 873 ~1964!.

45P. Wagner, J. Hage, J.M. Trombetta, and G.D. Watkins, Ma
Sci. Forum83-87, 401 ~1992!.
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