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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 @, O,;, VO, VOH, andVO, are investigated. The piezospectroscopic tensors forM®, and
VO, are also evaluated. The vibrational modes fifDSi are consistent with the view that the defect has
effective D3y symmetry at low hydrostatic pressures but adopts a buckled structure for large pressures. The
anomalous temperature dependence of the modes; a$ @ttributed 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 thairoB0and 0.6 eV
in Ge. The dimer is stable againg®© or VO, formation and the latter defect has modes close to the reported
894-cm ! band. The reorientation energies for O and H/i@ andVOH defects are found to be a few tenths
of an eV and are greater when the defect has trapped an electron.

[. INTRODUCTION In a cluster, the energies of defects can be sensitive to their
location.
Oxygen is the most common and best studied impurity in  In Sec. Il we describe details of the technique and discuss
Si produced by the CzochralskCz) method and recent re- convergence issues. In Sec. Il we apply the formalism to a
views are found in Refs. 1-3. Nevertheless, in spite of worksingle oxygen atom in a supercell. We find that in Si the
extending over 50 years, many of its properties remairground state has a buckled form wi@, symmetry with a
poorly understood. Even the structure of the isolated interstiSi-O-Si angle of 158° and the barrier of only 13 meV to the
tial impurity—long believed to be a simple bent Si-O-Si unit D34 form where the angle is 180°. This energy is within the
similar to the arrangement in quartz—has come under receTor in the calculations and thus the results are consistent
debate. Detailed analysis of its far infrared local vibrationalWith the modern view that the oxygen atom is delocalized.
modes(LVM’s) has suggested that the energy barrier peHowever, the tunneling modgl cannot account for the effect
tween the bent form with an Si-O-Si angle of around 160° Of Pressure on the asymmetric stretch mode at 1136'ch
and the highly symmetrical configuration where the O atom/V€ Show that if the defect maintaindsy symmetry then

lies at the bond centdBC) is negligible. Thus the O atom this frequency increases with pressure. In contrast, the fre-

tunnels between equivalent sites around the bond center, eq_'th . Cwith . t and this is si
fectively assumingD ;4 symmetry with an Si-O-Si angle of With pressure, in agreement with experiment, and this 1s sim-
180°. ply understood in terms of an increased buckling under

Another dramatic suggestion is that the aggregation o tress. Ourvigyv then is that the structure of this Qefect in Si
. : s highly sensitive to external conditions and is different for

two O atoms 'e"?“?"”g to_ an oxygen dimer does not Iea_d to thﬁigh pressures. We also extend the calculations to Ge where
ejection of a Si interstitial forming &O, center, but is &  here is much less information available on oxygen defects.
defect with the remarkable property of migrating through the A important characteristic of an anisotropic defect is the
lattice at a rate faster than that of the single interstitial. Thisstress or piezospectroscopic ten$dn. the absence of any
result has led to a reappraisal of both the rates at which largemposed stress, isolated point defects are equally distributed
oxygen clusters form, and the oxygen composition of thepver all orientations related by the symmetry of the lattice.
thermal donor defects which arise after sustained annealinghus Q inhabits with equal probabilities the four possible
of Cz Si below about 450 °C. (111) alignments. Inserting oxygen into Si with random

We report here details of the structure, energetics, andlignment causes a volume increase but no shape change.
vibrational behavior of a number of oxygen defects in Si andHowever, imposing a stress across, say, a partiqdlaf)
Ge. We use a supercell code that incorporates the localizefdce results in an energy increase of those oxygen atoms with
basis function of the Cartesian Gaussian type. The great adhis alignment, and a decrease in the energy of those with
vantage of supercell methods over clusters is that energgifferent alignments. The increase in energy is writtef;
convergence is easier to obtain and that these energies arelrA;o whereo is the imposed stress tensor afddis the
unaffected by the location of the defect within the supercellstrain-energy tensor for the oxygen atom with alignment
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The stress and strain tensossand e, are related by the Finally, the interaction of a single hydrogen atom with
elastic constants of the material and the energy can be wriO is discussed and especially the reorientation energies of
ten asAE;=TrB;e where B is the traceless stress-energy O and H in the neutral and negatively charged state. These
tensor. At a temperature where the oxygen atoms are mobil@nergies turn out to be a few tenths of an eV although the
then the equilibrium population of oxygen atoms with align- defect itself is stable to high temperatures around 300°C.
menti is related toAE; and can be measured by spectro-Many of these investigations are repeated for oxygen defects
scopic techniques. We evaluate this quantity for both substin G& where there is less experimental knowledge and the
tutional and interstitial oxygen and their disparity providesreSU“S here should serve as a challenge to experimentalists.
further evidence for the state of oxygen in Si.

The diffusion of interstitial oxygen is considered in Sec. Il. METHOD
IV. Detailed experimental studies have established that the
process is governed by the hopping of a single oxygen ato
between bond-centered sites with an activation energy
2.53 eV’ However, theoretical studies have enjoyed mixed
success in reproducing this fundamental property. An earl
cluster calculation gave 2.8 eV but this value has not bee
found by supercell calculatiofs! The diffusion barrier is
the energy difference between the buckled stable configura- 1
tion and the saddle point which has long been considered to B (N=— > ek R (r—R—R,).
be theY-lid configuration where the oxygen atom lies mid- N T
way between two second-neighboring Si atoms. This energy
difference has been found to be about 1.8—2.2 eV and it has These basis functions are located at both nuclei and bond
been suggested that this discrepancy arises from the negleggnter site®; within the unit cell. If the coefficients of these
of the kinetic energy of the O atoM,and subsequently to basis functions in then,k state isc;(m,k) then the charge
the neglect of a simultaneous motion of Si neighfarw-  density can be written as
ever, reaction rate theory includes both of these effects and
assumes only that an oxygen atom once reaching the saddle _ R _
point executes a diffusive stépWe find that the activation n(r) % i kBB k(1)
energy is weakly sensitive to the size of the cell and becomes
2.2 eV for cells that range from 64 to 128 silicon atoms. N

In Sec. V we turn to oxygen dimers. Previous work on the bij = % fmiCi" (M,k)cj(m,k).
binding energy of oxygen atoms within the dimer in Si gave
values between 0.2 and 1.0 eV compared with the experiHeref, is the occupancy of the,k state. Matrix elements
mental value of 0.3 eV! Recently, it was found that there of the kinetic energy and the pseudopotentials are found in
were two structures of the dimer with competitive enerdtes. real space while the Hartree and exchange-correlation ener-
These consisted of a pair of oxygen atoms at neighboring B@ies and potentials are found from a Fourier expansion of the
sites sharing a common Si atdstaggered dimgrand a pair  charge density and exchange-correlation terms, respectively.
lying on the hexagonal ring but separated by a Si-Si bond’he calculations are self-consistent and analytic expressions
(skewed dimex. Our earlier work suggested that the skewedfor the forces acting on atoms are found from the Hellmann-
dimer possessed LVM's in better agreement with experi+eynman theorem but include a Pulay term coming from the
ment. However, the contrary conclusion was reached by Palependence of the basis set on the nuclear sites. All atoms in
solaet al® A fresh look at this problem has concluded that the supercell were relaxed or subject to a specific constraint,
Pesolaet al. are correct and the observed modes correspondntil the maximum force on an atom is less than 0.03 eV/A.
with those of the staggered dimer. A characteristic feature ofAn advantage of the Gaussian basis sets used to describe the
the dimer frequencies is that they shift downwards with tem+wave functions over a plane-wave basis is that one can con-
perature. This is unusual as the accompanying lattice conerge the formation energy of a defect in a Si supercell with
traction compresses bonds and this is expected to lead to &2 orbitals per atom as opposed to about 100 plane waves
increase in their frequencies. However, the anomalous effegter atom.
can be explained as an increased buckling in the same way There are several convergence criteria that must be ad-
that pressure affects the modes of the isolated interstitiairessed: the cutoff in the Fourier expansion of the charge
oxygen center. This suggests that whenever interstitial oxydensity, the number of shells of vectds required to evalu-
gen atoms in Si are squeezed out of the bond centers as ina¢e the Madelung energy, the mesh lofpoints used to
buckled configuration, the fundamental stretch mode magample the band-structure energy, the exponents used in the
possess a weak or anomalous temperature dependence. Gaussian basis functions, and the size of the supercell. These

We also demonstrate that dimer formation is energeticallycriteria are not independent of each other and several itera-
favorable over the formation of a vacancy-dioxygéop) tions are needed to generate satisfactory values. Having se-
defect. In common with earlier resulfs® we show that the lected a basis and supercell, the first three are easily dealt
dimer in Si moves with a modest migration energy of aboutwith: The number of shells of lattice vectors, the terms in the
1.4 eV and such an effect may explain why oxygen aggrefourier expansion, and the numberkopoints generated by
gates containing many oxygen atoms can rapidly arise during Monkhorst-PackMP) schemé! are increased until the en-
anneals at temperatures where dimers are stable. ergy changes by less than 0.001 a.u. per atom.

The calculations used local density-functional theory with

Perdew-Wang exchange-correlation energy parame-
ization'® together with Bachelet-Hamann-Sctelu (BHS)
pseudopotential®’. The basis consisted of Cartesian Bloch-

aussian orbital8; ((r) which involve a sum of Gaussian
Broitals ¢, over lattice vectorR ,
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TABLE I. Basis exponents$a.u) for s andp Gaussian orbitals for Si, Ge, and O. AC refers to orbitals
sited at atoms while BC refers to those sited at bond centsrd1] refer to numbers of orbitals placed at
nuclei and at bond centers, respectively. Lattice paramaggi&), the bulk 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
a, (calc.) 5.390 5.394 5.579 5.568
B (calc.) 99.5 94.3 76.3 74.2
ag (0bs.) 5.43F 5.658°
B (obs.) 97.9 77.2°

8Reference 77.
bReference 78.

The Fourier transform of the charge density includes(6, 1) basis produces an error in the total energy of a unit cell
reciprocal-lattice vectorg corresponding to kinetic energies of quartz of 0.008 a.u. or 0.2 eV.
up to 80 a.u. for Si and Ge, and 300 a.u. when oxygen is The absolute energy is, however, not of major concern. Of
included in the cell. The large cut offs arise from the use ofgreater interest are the formation energies of defects and
the BHS pseudopotentials and the lack of an occupiedore their relative energies. The formation energy of a neutral
orbital for oxygen. Most calculations used 64-atom superdefect is given by
cells and MP-2 k-point sampling. Several calculations were
carried out in 216-atom supercells using only the MP-1 Eq=Ep—2>, niui, (1)
scheme. i

The convergence criteria involving the number of Gaussyhere e, is the total energy of the supercell containing the

ian exponents and the size of the supercell are more pmt?jefect and composed of atoms of specieswhose chemi-

lematic. The wave-function basis consistsNfGaussians 5| hotential isw; . The chemical potentials for Si and Ge are
andp orbitals, each specified by an exponent and located imply the energies per atom in the bulk phase. When deal-

the nuclei, andv similar orbitals located at each bond center : S o .
. ! ! ing with oxygen defects in Si, we take, to be given by the
to simulate the effect of higher-order angular momentu g ¥ g y

functions liked orbitals. The Gaussian exponents for Si, O, :n(eErgy (T‘San_) /%Xy%ensiriggr éﬁagg: rtizn’vorll\i?; I)g;z’)
and Ge were found by minimizing the energy of a cell con- _* 3510 ZHsJ®:

taining bulk material or a disiloxane molecule. The expo-9ives the chemical potential for oxygen in Ge. The formation
nents were selected in the range between 0.1 and 3.6 a.u. Gj€r9Y then gives the equilibrium density of oxygen atoms in

using a Metropolis-like algorithm. All the exponents used are™' EI'GhE(i.) &heemnicl:gleggtlggggg \‘;‘;";3 ?L%égﬁ%)”'y with the basis
given in Table I. i ; i

The table also shows that the calculated lattice parametefS discussed above but the formation energiesf defects
and bulk moduli for Si and Ge lie within 1% of the experi-
mental values and that these structural parameters have con- """ ) .
verged for the smallest}, 1) basis set. As a test, the structure ﬁ;ﬂ%gggegzzg)xz\g df?sr gigégt?r:stt;]t;alrigﬁ{%g?};igﬁnvxas evalu-
of a quartz was also evaluated and the lattice parameters ' '
found to be within 0.6% of the observed values with tde

TABLE Il. Total energies(a.u) for bulk Si ande quartz. The

1) Si and(6, 1) O basis. Basis o £ E E.(O
The energy, however, is much more sensitive to the basis 2s 3510 (%)
and Table Il shows its variation with differeni(M) values. (3,0) (6,0) —7.8623 —108.1744 1.989
Here the energies for primitive cells of Si andquartz were (3,1) (6,1) —7.9187 —108.4906 1.973
evaluated using a MP38sampling mesh and fixed-cell pa-  (4,1) (6,1) —7.9271 —108.5423 1.809
rameters equal to the converged values. Itis clear that for the (4,2) (6,2) —7.9309 —108.5485 1.817
(4, 1 Si basis, the absolute energy per atom of bulk Siis in (4 3) (6,3) ~7.9317 —108.5502 1.820

error by as much as 0.05 eV. Similarly, the(8j 1) and O
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TABLE lll. Energy per silicon atom and formation energy of O
in Si (eV), evaluated in several supercells and sets of special
k-points. s®N, fccN, and bc®N refer to simple cubic, faced-
centered-cubic, and body-centered-cubic lattices contaiNngi
atoms;n denotes the MR¥® sampling grid used.

E+(O)
Supercell n Eg; Calc.? Calc.P FIG. 1. D34 (a), Cyp (b), andY-lid (c) configurations for inter-
stitial oxygen.
sc64 1 —107.7433 1.06
fccl28 1 —107.7577 1.38 1.1 713 5/3
3 [(V, VA

sc216 1 —107.8393 1.66 P=—-B||— — | —

bce32 2 —107.8452 1.83 18 2 1\V v

sc64 2 —107.8534 1.81 3 o 2/3

sc8 20  —107.8549 X141+ Z(B’—4)[(V -1 J 2
ZThiS work. V, is the volume of the cell with zero pressuithe iso-
Reference 37. thermal bulk modulus, anB’ its isothermal pressure deriva-

tive.
calculated using a consistent basis are much less sensitive. To calculate the activation energy for the diffusion qf O
This is illustrated in Table Il which shows thEg for inter-  and Gy, the saddle point lying on the diffusion pathway
stitial oxygen in Si has converged to within 10 meV, for the between translationally equivalent sites must be found. This
(4, 1) Si and(6, 1) O basis. These calculations used 64 Sican be achieved by relaxing the cell subject to some con-
cells and MP-2 sampling. sFraint preventing the (_Jlefect from returning to its_ e_quilibrium
We now discuss the effect of different-sized supercellsSité- In some cases this can be done by constraining the sym-

and sampling schemes. For this the basis was fixed to be §jetry of the defect and in others by imposing algebraic con-
(4, 1) and O(6, 1) and the unit-cells volume was relaxed. straints on bond lengths in a way described prewo?fsl*}or

Table 11l shows that using a single point atT" in a 64 Si example, when considering the diffusion of interstitial oxy-

atom cell gives an error in the energy per atom of about 0 pen in Si, then with reference to Figs(bl and 1), the
eV but this decreases to about 0.0015 eV for an Mp-2 9" atom must break its bond with 2 and make a bond

. . . .~ with 3. At the same time, the Si atom 1 breaks a bond with 3
schemé?! Thus in 64-atom cells, we invariably used this

3 g : and makes one with 2. One might suppose that at the saddle
scheme. The MP-1sampling scheme was only used in 216- y5int the bonds between, @nd the atoms 2 and 3 are equal
atom cells. Also shown is the formation energy of. Glere length, as well as the 1-2 and 1-3 bonds. Appropriate
it is clear that the use of MP#sampling gives poor energies constraints are then

except in the largest 216-atom cells.

To check the effect of the size of the supercell on the ¢1=|Ro—R3|?—|Ro—R,|?,
defect, the volume of the cell was relaxed. Calculations were
first carried out using cells with the lattice constant found for ¢,=|R;—R3|*—|R;—R,|?,

pure Si and Ge crystals, i.e., 5.39 A and 5.58 A, respectively.

. ith ¢1,c, being zero at the midway point. All the atoms in
However, as oxygen defects exert strong compressive e he cell are relaxed subject 1 ,c, taking specific values
fects, the energy is reduced by expanding the lattice ) 12 g sp .

. - Using this procedure, the configuration energy surface can be
Whereas_ each defect gives a finite volume Char_]ge_found as a function o€, andc, and the barrier estimated by
irrespective of the volume of the supercell—the fraCt'onalinterpolation2.4 Previously this method was used to demon-
volume change should vanish in the limit of large cells. Thestrate that ther-lid configuration of Fig. Lc) is the saddle
magnitude of this change is then a measure of the sensitivitMoim for the diffusive step’
to cell size. The stress tensor of ;Q say, can be calculated by first

The vibrational modes were calculated from the energyelaxing the volume of a cubic cell containing an oxygen
second derivatives between the oxygen and surrounding aitom in any alignment. Then the atoms of the cell and the
oms. Other second derivatives between host atoms were usgube axes are displaced R, ==,,6,,R, and the atoms
ally evaluated from a Musgrave-Pople potential derivedrerelaxed within the deformed cell. Care must be taken to
previously?? However, the O-related local mode observed ininclude all inequivalenk vectors. The components of tige
Siat 517 cm?, and lying just below the Raman frequency, tensor are then found by repeating the calculation for a num-
is found to be sensitive to the movement of second shell Sber of independent strains. The principal values and direc-
atoms and, accordingly, second derivatives involving thes&ions of the tensor are then evaluated by diagonalization.
atoms were also evaluated for this defect.
The dependence of the structure and the vibrational ll. INTERSTITIAL OXYGEN

modes on pressure have also been investigated. To achieve
this, the energy of the defect was calculated in cells of dif-
ferent volumeV and the corresponding pressufeditted to Interstitial oxygen is known to lie near a bond-centered
the Birch-Murnaghan equation of st&teHere, site with equal Si-O bonds and the static defect can, in prin-

A. Introduction
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TABLE IV. Relative energiesin meV) and structural details of configurations for i® Si or Ge(denoted

by X).
Si Ge
C, Cy Cin D3q C, Cy Cin D3q
Erel 0 9 1 13 0 12 3 106
X-0,A 1.62 161 1.62 1.61 1.73 1.73 1.73 171
X-0O-X (deg 158 166 157 180 143 146 144 180
ciple, assume eithe€,, C,,, C,, or D3y symmetry. The B. Theoretical results

different symmetries depend on the position of O with re-  1apj6 | shows the relative energies and structure of the
spect to the back-bonded Si atoms as shown in Figgahd  yofect when confined 16,,C1,Cqp, andD sy Symmetry cal-

1(b). In Dgq, the O atom lies at the bond center. The defecly|ateq in a 64 Si or Ge atom supercell. It is clear that in Si,
possess several bands of vibrational modes which, at I0ere s very little energy difference between all the struc-
temperaEulres T<40 K), lie around 30, 517, 1136, and tures consistent with a tunneling model. In Ge, however, the
17SQ cm -, _AIthough these bands have been intensively inyont Ge-O-Ge configuration, with an angle about 144°, is
vestlgat(ici in the last 50 years_,zgonly those at 30 an¢yeferred with about 0.1 eV barrier to i,y structure. In
1136 cm * are clearly understoot: these calculations the cell size was fixed using the calculated

The first arises from the motion of the O atom in a planey, ,«; |attice paramete® equal to 5.39 A in Si, and 5.58 A in
normal to the Si-O-Si direction. These modes were analyzeg However theo high concentratio’n of defects
in terms of an empirical potential which led to the conclusion(~1021 cm3) r’nay result in a substantial volume change
that the equilibrium Si-O-Si angle is 164° and that the en—, 4 s was investigated by allowing the cell volume to

ergy barrier to the bond-center site is of the order of 10relax Figure shows the variation in the total ener
meV2® Further investigations have lowered the barrier to - g B 9y

bout 1 meV so that the O atom t Is bet val when the lattice parameter is varied. The energy difference
about L mev so that the © atom tunneis be Ween7 equivaleferyeen theC, and D4 Structures vanishes for lattice dila-
sites leading to an effectiveDsy symmetry?’ The

- . d tions larger than 0.5% but th€, structure is increasingly
1136-cm ! (A,,) band arises from an asymmetric stretch off ; -
. . - avored under compression. The decrease in the energy of
the two Si-O bonds, while the 517-crhband, lying near the P 9y

. : ) . the cell when the lattice parameter is varied in this way is
Raman line of bulk Si, has been assigned either to a SYM=30 meV in Si. while the bulk modulus is shifted down-
m_etric stretch modeA,) or to an EU mod_e with little am- .wards by~2% i,n Si and upwards by 0.5% in Ge. The effect
P“tUde. on the O atom. The latter is required as the mode I3f this concentration of oxygen is to increase the lattice pa-
insensitive to thfloxygen mass. . . rameter by 0.3% in both Si and Ge. Since the density of
The 1750-cm™ band has been attributed to a Cornl:"na’oxygen is 1/64 of that of Si, then this corresponds to an

tion of the 1136-cm® mode and an infraredR) inactive . : : :
o : increased lattice parameter €fO]/[ Si], wheree is found to
band around 600 cit.?” This has recently been supported be 0.19. This agrees precisely with x-ray data giving the

by the discovery of a new oxygen-related band aty, o \alue of 336

648.2 cm ! assigned to a combination between a weak, or
inactive, mode at~618 cm ! and the low-energy band at

30 cm 1.%° 300
In the case of Ge, the situation is less clear. Here, inter-

stitial oxygen produces three absorption bands-at, 860, 200

and 1260 cm?.%%3 These can be considered as analogs of

the 30-, 1136-, and 1750-chh bands in Si. Giengeet al*° 100
suggested that in Ge, the Ge-O-Ge angle is smaller than in &

and the low-energy excitations are between different axialé 0
angular momentum states of a rigid buckled Ge-O-Ge rotatoky ¢,
as shown in Fig. (b). It is thus expected that the barrier for <
moving the O atom to the bond-center site is larger in Ge
than Si.

Previous modeling studies in Si have determined both the
structure of the defect and two high-frequency O-related
fundamental$?*3These were located at 1104 and 554 ¢m
and assigned to the asymmetric and symmetric modes of th:
buckled Si-O-Si unit, respectively. The modes relatedt jo
fell below the Raman and were hidden by the lattice modes.

Calculations carried out in Ge gave a symmetric stretch fiG. 2. Relative energies ofa) interstitial oxygen in Si
mode around~400 cni *,** but no band near the Raman (squaresor Ge(circles, and(b) staggered dimers in $squaresor
edge was reported. Again, the 1260 chband is assigned Ge(circles versus the lattice parameter of a 64-atom afirefers
to a combination between the symmetrie400 cmi'!) and  to calculated Si and Ge bulk lattice constants of 5.39 A and 5.58 A,
antisymmetric (860 cm') modes. respectively.

400

200

-1.0 -0.5 0.0 05 1.0 15
Ado/al x 100 (%)
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TABLE V. Formation energiegV) for the single oxygen and dioxygen centers in Si and Geé\ faN,
bcaN, and ttN denote face-centered-cubic, simple-cubic, body-centered-cubic, and tetragonal calsSivith
or Ge atoms. In the third colummn, denotes the BZ sampling scheme utilized.

MP-n® Cell o} o3 o< 0y VO VO,
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 ttro6 3.04
Si 1 fccl28 1.1 2.0 2.1
Pesolaet al? 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 ttro96 1.73

®Reference 37.

Table V gives the formation energy of; Gn different  the defect to be unambiguously identified. As described
sized cells. The calculated value lies between 1.66 and 1.84bove, theD 34 model has been singled out as it can explain
eV in Si, somewhat larger than found by a plane-wavethe fine structure of the 30-cm band. However, this band
method?®’ Assuming the solubility is given biNgce 5T, s too low in frequency to be accurately modeled usity
whereNgc is the density of bond-center sites, we obtain aninitio methods. Nevertheless, the effect of pressure on the
equilibrium solubility between 810" and 210" cm™2at  high-frequency modes allows us to discriminate between
1300°C. This compares with a measured solubility of abouthese models.
3x10'® cm™* which corresponds to a formation energy of  Figure 4 shows the LVM's as a function of pressure. This
interstitial oxygen of around 1.4 e¥7.These estimates have gependence can be expressed through either the isotropic pi-
ignored the vibrational entropic contributions. ezospectroscopic tensor elem@ént given in Table VII, and

The O atom withC, symmetry is displaced by 0.31 A a : ; :
o Lo X t " appropriate for a trigonal defect, or through the Gruneisen
from the BC site in g110] direction leading to a Si-O-Si parameter,y= —dln w/dinV. We find that, for theDag

angle of 158°. The Si-O length is 1.62 A, slightly Iong_er structure,A; is positive for all LVM’s—in agreement with

than that in theD 34 configuration. Table IV shows that simi- . | 44293134 T | i
lar geometries are obtained in t@g andC,,, configurations. experiment at low pressures: The large difference
1 between the values d@; for the 1136-cm* band found by

The calculated LVM's for theC, andD 34 structures and S . . L
their isotopic shifts are shown in Table VI. These are Com_un|aX|aI and hydrostatic stress experiments is in part due to
the nonlinear fit employed in the latt&F.

pared with values obtained previoudly’3*and the ob- : :
served mode®23 The frequencies for the combination However,A; is negative for theC, structure as the buck-

bands were obtained by summing the fundamental modes. ling increases with pressure and leads to slightly dilated Si-O

There are four fundamental modes for tg defect. bonds. Experimentally, the asymmetric stretch mode de-
Asymmetric(B) and symmetri¢A) stretch modes lie at 1108 creases with increasing hydrostatic pressures beyond about 1
and 621 cm® and a near degenerate pair of modes lie alGPa> This can be explained as a change frorDg con-

518 cni L. The latter are split by 0.2 cnt and lie below the  figuration at low pressures to the buckled form for pressures
526-cm 1 Raman frequency given by the Musgrave-Pople~1 GPa.

potential. They are recognized by their large amplitude on The stress tensor for;On Si has been calculated as de-
the two shells of Si neighbors to oxygen and arise from thescribed above. We find the principal values for b struc-
compression of the back bonds by oxygen, but the oxygeture areB;=—2B,=—2B;=—10.71 eV with the principal
atom does not participate in their motion. This follows from direction ofB; along theC5 axis. The negative value &,

the insensitivity of these two lower modes to the oxygenindicates that the defect is compressive along the Si-O-Si
mass(Table VI). However, a shift of 1 cm' occurs when bond as expected. These are in fair agreement with the ex-
one of the neighboring Si atoms is replaced®gi. In Dy, perimental results oB;=—2B,=—2B;=—15.2 eV’

the two highest modes haw,, and A;; symmetry. The In summary, the calculations find that interstitial oxygen
latter is infrared inactive and implies that its analogOpat  in Si, at normal pressures, is likely to tunnel between bent
621 cmi ! would be only weakly IR active. The lower pair of Si-O-Si configurations with effectiv® 4 symmetry. In this
modes havds,, symmetry. The vibrational modes associatedconfiguration, there are two localized fundamentals at
with these frequencies are shown in Fig&)33(c). 1184 (Az), 619 (A,4), and ang, resonance at 519 cm.

The calculated LVM's for bothC, and D34 symmetries The frequency of the modes increase with pressure. How-
are similar to each other and in good agreement with thever, for a critical pressure, the energy difference between
experimental data. This is especially true for the modehe C, and D34 configurations increases, and tunneling no
around 621 cm® which has been detected as a partner inlonger occurs. In this case the O atom could still rotate
two combination band¥?° Thus, there is nothing in the around the(111) axis with the asymmetric stretch mode de-
observed or calculated modes that allows the symmetry ofreasing with increasing pressure.
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TABLE VI. Calculated LVM’s (cm 1), and their downward isotopic shifts for different configurations
for O, in Si and Ge. Results of previous calculations are given along with observed modes. Two-phonon
modes are estimated by a simple summation of asymmetric and symmetric fundamentals.

Mode ZSSi lGO 285i BOSi lGO 288i ZSSi 180 28Si SOSi 180 ZSSi
A+B 1729 14 53 66
Calc.? B 1108 4 50 54
C, A 621 10 3 12
A,B 518 2 0 2
Ayt As, 1803 14 54 68
Calc.2 A, 1184 4 55 58
Dag A 619 10 0 10
E, 519 1 0 1
B 1098 50
Calc.” A 630 2
A 1104 53
Calc.© B 554 1
1748.6 12.2 52.6
1136.4 3.7 51.4 55.2
Observed ~618 9.5 ~0
517.8 0.0
Mode Ge®00Ge  Gel®0Ge  Ge'®0%Ge = "Ge'0™Ge
A+B 1248 8 55 63
Calc.2 B 847 2 44 46
C, A 401 6 11 17
A+B 1293 8
Calc.® B 878 3
A 416 6
1274.0 8.3
Observed 862.91 1.01 43.28 4545
41219 7.39
&This work.

bReference 37.

‘Reference 32.

dReference 38, except the 618-chband from Ref. 29.

®Reference 34.

fReference 39.

9This frequency was calculated by assuming the existence of a combinationAreoBet 1274.0 cm .

In germanium, thd® 54 structure has energy 0.1-eV higher around the Raman frequency occurs. The difference in be-
than the others which are all degener@ee Table IV. The  havior is probably due to the very different bond angle in the
formation energy for Qis lower than in Si and hence the two materials.
solubility of oxygen in Ge in equilibrium with GeQCshould
be higher. This suggests that precipitation of oxygen in Gg IV. DIFEUSION OF INTERSTITIAL OXYGEN
should have less tendency to occur. The Ge-O-Ge angle is
143° and the oxygen atom lies 0.55 A away from the BC site  The activation energy for an oxygen atom hopping be-
with the Ge-O bond length at 1.73 A. The energy barrier totween neighboring bond centers in Si has been measured by
the D4 case suggests that tunneling cannot occur, but thetress-induced dichroisthto be 2.56 eV and the same bar-
oxygen atom may rotate around tligll) axis. Table VI  rier was found for the long-range diffusion of oxygen as
gives the calculated and experimental LVM's. Two funda-measured by secondary-ion mass spectronfelmyGe, the
mental LVM'’s lie at 847 and 401 cit and represent asym- diffusion energy is 2.08 e¥* The similarities in the oxygen
metric and symmetric stretch modes of the Ge-O-Ge bucklediffusion energies in Ge and Si suggests an identical diffu-
unit. In general, these results are in agreement with previousion mechanism.
investigationg232343743n contrast with Si, these frequen-  The saddle point for hopping between bond centers has
cies do not drop with increasing pressure and no modéeen found to be th&-lid configuration withC,, symmetry
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FIG. 3. Normal coordinates of the vibrational modes f@irOSi Pressure (GPa)

[(@), (b), and(c)] and for the dimer modes at 666 and 705 ¢rfi(d)
and (e)]. The two components of thE, mode in(a) are distin-
guished by filled and outlined arrows. The 666 crmode in(d)
has a small induced dipole moment arising from the movements ofgymed into later ones is activated with an energy of
the oxygen atom; which are .out. of phase with each other. The_ 1 g a\/4525 |f the conversion is due to oxygen aggrega-
normal to the projected plane is given in each case. tion, then this implies that some oxygen species can diffuse
at a much faster rate than isolated oxygen atoms. Moreover,
careful studies of the loss of the intensity in the 1136-ém

FIG. 4. Effect of pressure on LVM’s of interstitial oxygen in Si
(upper row and Ge(lower row).

and shown in Fig. (£).?* In this configuration, both the O

atom and the Sineighbor are threefold coordinated. band with prolonged anneals below 500 °C strongly suggest

In the present paper, the energy of théd is calculated 5 551 giffusing dimer. This makes the dimer species a key
by relaxing 32, 64, and 128 atom cells with the symmetryenmy in kinetic studies of oxygen aggregation in*&f”

maintained to b&,, . The lattice parameter was again taken 5 suggestion for a fast diffusing oxygen-related species

to be given by the calculated bulk value. We found that in Si,,25 made by Geele and Taf and attributed to an Omol-
this energy is 2.1 to 2.2 eV higher than @ig structure when ol However, later calculations indicated that the mol-

using cells with these sizes. AIIowing the yolum_e of the cell oo 1e was less stable than an oxygen dimer where both oxy-
to relax lowered the energy of thelid configuration by 10 gen atoms are tilted along th&10] direction with respect to
meV. This has a negligible effect on the diffusion energy. If o5 p, otherfsee Fig. &)].° Here the oxygen atoms were
the O atom is slightly perturbed, then upon relaxation with-t5,,nd to be bound by 1 eV.
out any constraint, it returns to the stalilg site. Thus the gy psequent infrared-absorption studies have identified the
calculated diffusion energy is about 2.2 eV compared with \/\1's of an oxygen dimer. These lie at 1060, 1012, 690,
an experimental value of 2.5 egV. Tgis may be coompared Withind 556 cm®. The intensities of these modes vary with the
previous estimates of 2%8,1.87 2.2 and 2.0 eV:”. _ square of the Qconcentratioff and in the %0-%0 mixed

In a similar way, the energy of thélid structure in Ge is  jsatopic case, unique modes are detected demonstrating the
found to be 1.70 eV above its ground state. In both materials,esence of two oxygen atoms that are dynamically coupled.
the diffusion barrier is underestimated by about 0.3 eV. Thls]-he two oxygen atoms, Oand Q, must be inequivalent as
may result from inadequac@es in Ipcal den;ity—functionalthese unique modes ar’e only fo;md in one of 1f@,-1%0,
theory or slow convergence in cell size or basis. combinations. This unusual behavior is reflected in the inten-

sities of the mode&

V. INTERSTITIAL OXYGEN DIMERS Further investigations suggested that a second dimer,
called the skewefisee Fig. B)] because a Si-Si bond sepa-
rates the Si-O-Si units which lie in differefi10 planes, is

When oxygen-rich Si is heated to around 450 °C, a familyenergetically competitive with the staggered dirfer® Pre-
of thermal double donors are formed and it is known that theviously, we found, using the cluster method, that the skewed
process whereby the early thermal double donors are transimer possesses LVM'’s closer to the experimental values

A. Introduction

TABLE VII. Calculated values for the isotropic piezospectroscopic tensor elefgfm * GPa'!) for
local modes of ©along with the experimental data. Gwisen parameters for each mode are between

parentheses.
Mode SiC, Si:Daq Obs. GeC,
Ag+Ay/A+B -0.78 (-0.13) 2.28 (0.3 368  (0.50
A,,/B -2.11 (—0.55) 1.81  (0.45 0.772 0.2° 1.64  (0.49
AglA 1.33 (0.62 0.47 (0.22 0.82 (0.50
E,/AB 0.86 0.47 0.84  (0.47 ~1.1°

8Reference 5.
bReference 26.
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volume to relax is negligible, consistent with the view that
64-atom cells are sufficiently large.

The binding energies for the dimers obtained from the
formation energies in Table V are given in Table VIII where
they are compared with previous studies. The binding energy
of the oxygen atoms in the staggered dimer is found to be
about 0.5 and 0.6 eV in Si and Ge, respectively. An experi-
mental estimate in Si is about 0.3 é4/The skewed configu-
ration is less favored by about 0.2 eV in Si, but is only
marginally bound in Ge. Table IX gives structural details of

than those of the staggered dimer. The converse was, ho/2€ dimers. , o
ever, found by Pesolat all® To address this problem, the ~ The symmetric doubl&-lid dimer is found to be ener-
LVM's have been reevaluated using the supercell methodgetically disfavored by about 1.2 eV relative to two isolated
The temperature dependence of the two highest modes #ygen atoms in both Si and Ge. This is in contrast with
anomalous as their frequencies decrease with temperatuf@€vious work on this structure in Ge which found this struc-
We shall show that this can be explained by an increasetHre to be bound with an energy of 0.7 &¥/Nevertheless,
bucking which occurs under pressure. the 1.2 eV required to form the symmetric douMedid sug-

In Ge, interstitial oxygen dimers have not been identifieddests that the dimer can diffuse with at least this activation
and few theoretical studies have been perforAigdowever ~ €nergy which is lower than the barrier for single oxygen
it is reasonable to expect that oxygen clustering in Ge willdiffusion. This is a subject we shall investigate in the next

start with the dimer formation as in Si. subsection. _ _ _
We also investigated the ;Omolecule lying at aT site.

) This oxygen dimer is not stable, being 6.03-eV higher in
B. The oxygen dimer energy than the staggered dimer. We discuss the stability
The structure, energetics, and vibrational modes of theelative toVO, in Sec. VII and now turn to the vibrational
staggered, skewed, and doulMdid dimers shown in Fig. 5 modes of the dimers.
were calculated mainly in 64-atom supercells, although some The LVM's for the staggered and skewed dimers were
calculations used 96- or 216-atom supercells. found by evaluating the energy second derivatives between
Table V gives the formation energy of these dimers. Cellghe O atoms and their Si neighbors. They are given in Table
with 64 and 96 silicon atoms give values within 0.04 eV, X along with the observed modes. There are five modes of
suggesting that they are sufficiently large. The formation enthe dimer but only four have been detected. The calculated
ergy calculated in the largest 216 cell is not necessarily morenodes are within 40 cm' of the observed ones. However,
accurate than found in the 64- or 96-atom cells as onlykone of great importance is their isotopic shifts. For the staggered
point was used to sample the band structure in this caselimer, when the oxygen atom labeled i@ Fig. 5 is replaced
Figure 2b) demonstrated that the effect of allowing the cell by its 80 isotope, the 1017-cnt mode drops only by

FIG. 5. Schematic structure of oxygen dimefa) Staggered
(03, (b) skewed (&), and(c) doubleY lid (0%). Oxygen atoms
are gray.

TABLE VIII. Binding energies(eV) for interstitial dioxygen centers in Si and Ge. fgcsdN, bedN, and
ttrN denote face-centered-cubic, simple-cubic, body-centered-cubic, and tetragonal cell¢ Siitor Ge
atoms. In the third columm denotes the BZ sampling scheme utilized.

Crystal MPn?® Cell o5 o3 oy

Si 1 sc216 0.44

This work Si 2 sc64 0.54 0.35 —-1.17
Si 2 ttro6 0.58
Si 1 fcc128 0.2 0.1

Pesolaet al.? Si 2 bcc32 0.6 0.2

Chadi® Si bcc32 0.4

Needelst al.®© Si fcc16—sc64 1.0

This work Ge 2 sc64 0.62 0.07 —-1.23
Ge 2 ttro96 0.65

Chadi® Ge bce32 0.7

8Reference 37.
bReference 49.
‘Reference 9.



PRB 62 OXYGEN AND DIOXYGEN CENTERS IN Si AND Ge. .. 10833
TABLE IX. Bond lengths(A) and anglegdeg for oxygen dimers in Si and G&epresented by),

shown in Fig. 5.

Crystal Si Ge

dimer Staggered Skewed Doubfelid Staggered Skewed Doubkedid
0;-X, 1.66 1.61 1.75 1.77 1.73 1.86
0;-X, 1.64 1.62 211 1.74 1.74 2.19
01-X4 1.75 1.85
0,-X, 1.63 2.11 1.74 2.19
0,-X3 1.67 1.63 1.75 1.77 1.75 1.86
0,-X4 1.63 1.74

0,-X5 1.75 1.85
Xo-X3 2.29 2.39

X4-Xs 2.37 2.57
X1-01-X, 130 166 146 125 147 147
X1-01-X4 131 128
X5-0y-Xs5 127 146 124 147
X3-05-X4 148 131 138 128

TABLE X. Calculated LVM’s (cm?) and their downward isotopic shifts for staggered and skewed
dimers (G'and G, respectivelyin Si and Ge, along with the experimental observations.

16017 1602 16017 1802 18017 1602 1801’ 1802
Calc.* Calc® cCalc® cCalc® Calc® Calc® Calc® Calc?
1017 1033 2 1 28 40 46 46
984 984 41 42 17 6 42 42
Si:03' 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 -3 49 50
Si:G5* 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
Observed 690 4 ~4 10
556 ~0 ~0 0
784 8 17 41
749 32 23 38
Ge:G! 517 8 11 22
466 13 9 18
849 4 1 44
843 40 42 44
Ge: G 389 1 10 11
366 7 0 7
#This work.

bReference 16.
‘Reference 15.
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2 cm ! but the 984-cm?® mode drops by 41 cm'. These PR e | s

are in excellent agreement with observed drops-@f and
42 cm' !, respectively. However, when,Qn Fig. 5 is re-
placed by'®0, the 1017 cm® mode is expected to drop by
about 40 cm?, bringing it close to the 984-cnt mode.
The two modes then are in resonance and become couple§ . .

544
1020 706
543

542

1015 701

1

541

leading to shifts of 28 and 17 c¢m in each mode. These are g T8 [T m——— 530 —— 475
to be compared with observed shifts of 39 and 8 ém g 7 i 525 - 1 a0
Clearly the degree of coupling is overestimated but is less™ 70 1 s} .
than that found by the cluster method previously. e T 515 - 1
The calculated shifts in the 705- and 666-chmodes are mf 1 1 |

14 and 10 cm*, respectively, and O ciit for the 543 cm'* I I I o
mode. These shifts are in reasonable agreement with shifts i % 00 15 =15 00 15 7=15 00 15 745 00 15
the observed bands at 690 and 556 ¢m Pressure (GPa)
In the skewed configuration, the modes are essentially F|G. 6. Effect of pressure on LVM'’s of the staggered dimer in
decoupled and the frequencies too high. They resemble thos (upper row and Ge(lower row).
of two isolated oxygen interstitials. This suggests that the
observed modes arise from the staggered dimer. shift anomalously with temperature. There clearly are two
Only one of the modes around 690 chhas been de- opposing effects at work: the first is an increased buckling
tected probably because the transition moment in the other ighich leads to a downward shift in frequency, and the sec-
very small. The displacements of the atoms are shown schend is the compression of the X-O bond lengths which lead
matically in Figs. 8d) and 3e). Locating point charges at to a frequency increase. In Si the first effect is dominant, but
each O and neighboring Si atoms leads to an induced dipolghe second dominates in Ge.
moment which is three times greater in the 705-¢mode

than in the 666-cm! mode. This probably occurs as.the C. Diffusion of the dimer
displacements of the oxygen atoms are in phase in the o ,
705-cni ! mode and out of phase in the 666-chmode. The activation energy for movement of the dimer was

We therefore assign the observed 690=¢nband to the investigated using three different diffusion pattig:a corre-

higher frequency. lated jump of both oxygen atoms from the staggered configu-
In Ge, the dimer modes are very similar to those in Si and@tion through the asymmetric doubfeld structure of

the two high-frequency stretch modes are reduced by a fact&Uve (i) in Fig. 7, (i) a partial dissociation involving an

of 0.77 from the asymmetric stretch mode of While the asymmetricY lid as in curve(ii) of Fig. 7 and a transition
lower pair are reduced by a factor of about 0.73. A band aPétween the staggered and skewed dimers as proposed by

16 : : -
780 cmi ! detected in annealed electron-irradiated oxygent’€Sel@t al:> and shown in curvéiii) of Fig. 7. The migra-

doped Ge has been attributed to the diffeFhis band is tion energies were determined by relaxing the cell with con-
shifted downwards by 23 and 41 cthin #0-160 mixtures. straints on the lengths of the ®-bonds as described earlier
The position of the dimer band and its isotopic shifts agree@nd shown in the figure. _

with the calculated mode at 749 cthwhich shifts 23 and Path(i) leads to a migration energy of 1.4 el leads to

38 cm ! with 80 doping. However, further work is neces- a similar barrier of 1.6 eV, although the complete diffusion

sary to determine the other modes of the dimer. Further sug2Vent requires the oxygen atom at the left side to make a

port for the assignment of this band to an oxygen aggregate
comes from recent findings of a strong enhancement in

thermal-donor concentrations consequent upon annealing ir- (iii)\\
radiated material containing the 780-chband>* 20 L ]

The dimer modes in Si are observed to display an anoma-
) 0]
',(,"2 A, ‘\ ~:(-i).:--.'~'\ < ) N . i

25 T T T T T

lous temperature dependence. Normally, the fundamental
frequency of a defect increases with decreasing temperature < 15
resulting from strengthened bonds arising from the lattice <&
contraction. However, the bands at 1012 and 1060tm 3§
shift downwards with temperatuf@. To investigate this

anomaly we decreased the lattice parameter in the 64-atom b \\
supercell containing the staggered dimer. The effect was to 05 k ?'Ll,'ﬁo '“ 25 Rz 2
decrease further the Si-O-Si angles, i.e., increase their buck- 62320 0/"' 0,,‘}11 7

ling, and reduce the asymmetric stretch modes as shown in (0 (i) (iijy 1241

Fig. 6. Thus, if the effect of lowering the temperature is 0.0 L L L L L
simply to contract the lattice and impose a pressure on the -6 -4 2 R (aou 2) 2 4 6

dimer, then the upper two modes would decrease in fre-

quency while the lower modes would increase. The same FIG. 7. EnergiedeV) along three diffusion paths discussed in
situation holds for the dimer in Ge—in contrast with what the text for oxygen dimers in $solid lineg and Ge(dashed lines
was found for @ in this material. However, the band at AE is the energy relative to a stable dimer. Thaxis refers to the
780 cmi !, attributed to dimers in Ge, does not appear tovalue of the constrained variables-r3,—r,=r3,—r5,.
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atoms labeled 3 and 4. In Si, the defect has an acceptor level
at E.—0.17 eV while the corresponding defect in Ge has
an acceptor level located &,—0.25 eV>* The acceptor

p G b level of the defect in Si has been calculated previously by the

[ay

cluster method to b&,—0.13 eV>®

In Si, VO© and VO(~) are known to possess IR-active
LVM’'s with B; symmetry at 835 and 885 cm,
respectively’>*®However, in Ge only one band at 620 t/h
has been attributed to the deféprobably in the neutral
state.

FIG. 8. TheVO (left) and VO, (right) centers. In(@) the dark Previous theoretical work has successfully investigated
bond represents a reconstructed bond between Si or Ge atomsti¥e defect in Si, although the upward shift in the LVM for
and 4. VvO(™) was not reproducet:*” Recent experimental work
has aSS|gned a combination bané;+B; around

similar jump to reform the dimer. However, symmetry con- 1400 cni !, whereA; is a symmetric stretching mod&>®
siderations require this second step to be equivalent to the

first. Path(iii) is activated by a barrier of 2.2 eV, and re-
sembles the diffusion of isolated interstitial oxygen.

One can rationalize these results by noting that)imoth Table XI gives structural details of the neutk&D® and
threefold-coordinated Si atoms labeled 1 in Fige)lare now  chargedvO(™) defects in both Si and Ge as found in cells
bonded to the other O atoms. Similarly, it) the tensile  with 64 atoms. The O atom in both charge states moves
strain along 110] in the Y lid is offset by the presence of the away from theT site and bridges two host atoms. The length
second O atom. The effect of both these processes is to transf the reconstructed bond increases from 3.26 A in the neu-
port the dimer aloni110] but both lead to a staggered dimer tral defect to 3.42 A in the negatively charged center. This
which tilts in the opposite direction. Before long-range mi- small change leads, as we shall show below, to a dramatic
gration can occur, the dimer must reorientate and point in thehange in the piezospectroscopic tensor. Similarly, the Si-O
opposite direction. The energy barrier for this is found to bebond length decreases on trapping an electron and this leads
low: 0.38 eV in Si and 0.65 eV in Ge. Thus we conclude thatto an increase on the frequency of the oxygen stretch mode.
the diffusion path probably occurs by the staggered dimer Table V gives the formation energies of the interstitial
migrating along it§110] axis with a correlated jump of both and neutral substitutional oxygen centers. It is clear that the
oxygen atoms. formation energy o/ O exceeds Oby more than 2 eV, and

For Ge, Fig. 7 shows that the energy surface around thehus the substitutional defect is only expected to be found at
saddle-point is flatter than in Si. This is because the smallefiigh temperatures or in the presence of a nonequilibrium
Ge-O-Ge angle means that the oxygen atom is “closer” toconcentration of vacancies produced, for example, by irra-
the saddle point and consequently the “length” of the tra-diation. Nevertheless, there is a strong binding between a
jectory is shorter. In summary, the calculations demonstratgacancy and interstitial oxygen. The reaction energies are
that oxygen dimers diffuse in Si and Ge with barriers aboufgiven in Table XII. Here a positive value indicates that the
0.8 and 0.6 eV, respectively, below the calculated barrierseaction is exothermic. This table shows there is a binding
for Oi . energy of about 1.6 eV betwean and Q. The formation

energies for the vacancies in Si and Ge used in Tables V and
VI. SUBSTITUTIONAL OXYGEN: VO XIl were evaluated in 63-atom cells to be 3.61 and 2.20 eV,
respectively, in good agreement with recent plane-wave
calculation$?6?

The vacancy oxygenO or A centej is one of the most In the negative charge state, the O atom is displaced away
common defects produced by room-temperature electron ifrom the reconstructed bond consistent with the idea that the
radiation of Si or Ge containing oxygéh>>It is believed  additional electron is trapped in this bond and repels the
to form through trapping of mobile vacancies by interstitial negatively polarized O atom. This movement leads to a com-
oxygen atoms. The accepted structure is shown in K@. 8 pression of the bonds around O implying an enhancement in
and involves a weak Si-Si reconstructed bond between the $the LVM as shown in Table XIII.

B. Results for the VO center

A. Introduction

TABLE XI. Bond lengths(A) and anglegdegreesfor VO andVO, centers in Fig. 8X is Si or Ge and
V denotes the center of the vacancy.

Si Ge
vo© Vo) VO, vo©® Vo) VO,
01-X; 1.70 1.68 1.67 1.79 1.79 1.77
X1-X; 3.26 3.27 3.28 3.45 3.46 3.48
Xg-Xy4 3.32 3.42 3.28 3.36 3.36 3.48
X1-0-X, 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 XIlI. Reaction energiegeV) of vacancy-oxygen-hydrogen defects in Si and Ge. Negative values
indicate endothermic behavior.

Silicon Germanium
Reactants — Products Cal& Calc.P Calc.?
V+0, — VO 1.57 1.4 0.8¢ 0.36
O — VO+Si —-2.04 —1.86
V+ 0y, = VO, 2.76 2.6° 1.6¢ 1.04
Oyi - VO,+Si -0.85 -1.18
0,+VO - VO, 1.73 1.8° 1.0¢ 1.30
VO+ Oy, - VO,+ 0 1.19 1.2 0.8¢ 0.68
VO+Hge . VOH 2.02
VO+H, - VOH+ Hge —-0.09
VO+H, . VOH, 2.41
VO+2Hgc . VOH, 1.19
VOH+Hge = VOH, 2.51
VOH+H, . VOH,+Hgc 0.40
&This work.

bReference 37.
€Using MP-2 for BZ sampling.
dyUsing T point for BZ sampling.

The VO complex in Si has two fundamental local modesquently the calculated shift in th&; mode probably under-
and a combination band whose frequency is estimated from @stimates the true shift.
simple sum of the two fundamental, and B, modes. The Two other configurations for théO complex were inves-
calculated values are within 10 crh for Si and about tigated: firstly when the O atom is situated at fhdattice
20 cm ! for Ge. In Si all three modes are strongly dependensite, and secondly when it lies along one of fié1] direc-
on the charge state of the complex and increase in frequendipons with C3, symmetry. In the neutral charge state, these
for the negative charge state. In Ge only one localized modeonfigurations are less stable than tbg, form being 0.51
is found. It should be noted that within the local-density (0.10 eV and 0.260.05 eV higher in Si(Ge), respectively.
approximation(LDA), Ge is predicted to be a semimetal— In the negative charge state these energies increase by factors
the conduction-band minimum &thas the same energy as of about 2 in Si and 4 in Ge. These results give an estimate
the valance-band maximum &t This implies that the ac- of the activation barrier for the reorientation of the stable
ceptor wave function invO(™) is delocalized and conse- C,, defect when its alignment changes from 4a60] axis

TABLE XIII. LVM’s and their downward isotopic shifts (cm') for VO andVO, complexes in Si and Ge. These are compared with
experimental infrared data.

160 180 160 180
Mode Obs. Cal@ Calc.’ cCalc.® Obs. Calc® Calc.® calc.® Obs. Calc® cCalc.® cCalc.©
A;+B, 13700 1387 375 38
Si:vo© B, 835.8 839 843 787 359 37 37 38
A, ~534 548 540 ~1 1 3
A;+B; 1430.1 1404 39.1 39
Sirvot) B, 885.2 872 850 38.2 38
A, ~545 532 539 ~1 1
E 894 893 912 806 39 41 41 39 0,39 0,41 0,41 0,39
Si:VO, A, 593 594 656 6 7 19 3 9
B, 557 554 564 0 3 9 0 5
Ge:vO© B; 620 642 31 33
Ge:vO(™) B; 643 33
E 690 36 0, 36
GeVO, A, 363 13 6

&This work.
bReference 37.
‘Reference 62.
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into another. Electron paramagnetlEPR studies in Si re- erations implying that the aggregation of pairs of oxygen

veal that the reorientation barrier of the neutral defect is acatoms lead to the creation of &be) interstitials are unlikely

tivated with an energy of 0.38 eV in good agreement withto be correct. The binding energy of, @ith a preexisting

the calculated value of 0.26 >3 Our calculations predict VO defect is 1.73 eV.

that in the negative charge state the reorientation barrier will The LVM'’s of the defect are given in Table XIIl. These

be higher. This is in support of measurements on the recovare in excellent agreement with the observed 894-thand

ery of the stress-induced dichroism of the 885-¢nwibra-  and the O atoms are found to be decoupled without any

tional band, where a value between 0.4 and 0.5 eV waadditional modes appearing in the mixed isotopic case. This

estimated”’ is in agreement with experime®t The stress tensor is axial
The calculated values of the stress tensor for\liede-  with B;=—11.81 eV and the principal direction is along the

fect in Si also depends on the charge state. For the neutrd, axis joining the two O atoms a8y, =B,=5.9 eV. It has

defect, we find the three principal values and directions to beot yet been measured.

B,=—9.79 eV (along [100]: the C, axis), B,=5.49 eV The VO, center in Ge has similar properties to the Si

(along [011]), and B3=4.48 eV (along [01T])_ The[011]  center but has not yet been detected. The vibrational modes,
and[011] directions are parallel to the Si-O-Si and recon-9iven in Table XIll, consist of modes at 690 and 363 cm
structed Si-Si bonds, respectively. The experimental values
for B;,B,, andBs; are—11.1, 6.1, and 4.9 eV, respectively. VIIl. INTERACTION OF VO WITH HYDROGEN

For the negative charge stai,, B,, andB; are found to ) o
be —6.83, 7.81, and-0.55 eV compared with experimental It is known that hydrogen complexes with single vacan-
values of—8.4, 8.8, and-0.4 eV, respectively. The change Cies by saturating the Si or Ge dangling bonds leat it
of sign of B indicates that the defect is now less tensiledefects wheren runs from 1 to £°~™ In addition, recent
along the “reconstructed” bond. This arises as the additionalVork has demonstrated that hydrogen is easily trapped by the
electron occupies an antibonding orbital and pushes outwart} center in Si-formingyOH, defects where is 1 or 2. The
the surrounding lattice. However, this argument ignores théatter produces infrared-absorption bands at 2151, 2126, and
differences in the volumes of the neutral and charged defect§43 cm !, which were assigned to the symmetric and asym-
In fact we found that the neutral defect led to a decrease ifnetric stretch modes of Si-H and the asymmetric stretch
the volume of the supercell compared with bulk Si whereagnode of the oxygen atom, respectivéfyHowever, no indi-

the charged defect led to a slight increase. cation of the presence of the partially passivatedenter
(VOH) was found in this work.
VII. THE SUBSTITUTIONAL OXYGEN DIMER: VO, The VOH center was suggested to account for E

deep-level transient spectroscopy acceptor level Eat

The A center in Si is known to anneal out around 300°C—0.31 eV formed in proton-implanted floating-zone Si
with a simultaneous appearance of a strong line atrystals’> EPR experiments identify the center which per-
894 cm *. This line was originally assigned to théO, sists until 290 °C in proton-implanted CZ &iThe hyperfine
center’® formed when an interstitial oxygen atom traps ainteraction with the proton located 2.5 A from the Si atom
mobile VO center. However, there are some difficulties withwith a dangling bond was resolved. The defect Bag sym-
this assignment. The concentration of &pears to remain metry below 180 K, but above 240 K the center possesses
constant during the formation of the 894-ciband, stress C,, symmetry arising from a thermally activated hopping of
spliting measurements indicate a defect with lowthe H atom between dangling bonds? The activation en-
symmetry® and, in addition, the two O atoms must be dy- ergy for the hopping of H and D atoms was found to be 0.18
namically decoupled as additional modes are not detected iand 0.26 eV, respectively, for the neutral defect. The same
isotopically mixed sample¥:®® Previous modeling, how- C,, symmetry was found from a recent stress Laplace DLTS
ever, supports the assignment t&¥O, with D,y  study on theE3 center® This is because the electron emis-
symmetry?®"3" There the O atoms were found to be dy- sion rate measured in DLTS occurred at a temperature where
namically decoupled and the calculated modes were in faithe H atom was able to hop between Si dangling bonds.
agreement with the data. In addition, when the defect anneals No vibrational modes of the defect have been reported to
out three high-frequency O-related LVM’'s are observeddate. Previously, the defect had been investigated theoreti-
which are consistent with the formation ¥D;.>” Moreover,  cally using a Hartree-Fock cluster methd.
recent stress alignment experiments find the symmetry of the
center to beD,, consistent with /0O, defect®’

Our results support previous theoretical work in finding
the ground-state structure possesfeg symmetry. Here Relaxation of the neutrafOH defect withC,, symmetry
both oxygen atoms occupy equivalent positions by bridginggave the Si-H and Si-O lengths to be 1.50 and 1.68 A. The
atoms neighboring the vacancy as shown in Fig. 8. Structuralistance between the H atoms and the Si atoms with a dan-
details are given in Table XI, where it is noted that the Si-Ogling bond is 2.7 A in good agreement with the experimental
bond lengths are shorter than O and there is a larger estimate of 2.5 A. The vibrational modes are given in Table
displacement of both oxygen atoms from the center of theXIV. The vibrational activity of VOH arises from almost
vacancy. decoupled oscillations of Si-O-Si and Si-H units. The

Table V shows that the formation energy of the defect in854-cm * mode is due to an asymmetric stretch of Si-O-Si
Si (Ge) is 0.85 eV(1.18 eV} higher that that of the staggered while hydrogen-related stretch and bend modes are found at
dimer. Thus arguments based on simple volumetric consid2042, 578, and 532 cnt, respectively. These are recog-

A. Theoretical results
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TABLE XIV. LVM’'s of VOH in Si and their downward isoto- IX. CONCLUSIONS
pic shifts (cm?) for %0 and D substitutionR labels indicate

resonant modes. The ab initio calculations carried out using Gaussian or-

bitals in large supercells have revealed a number of features

180 H 189 H %0 D 189 D not found previously. In Si, the effect of pressure on the local
i ' ' i modes of interstitial oxygen is entirely consistent with the
2042.4 0.0 575.3 575.4 view that, at low pressures, the defect Hag, symmetry
854.4 37.6 0.0 37.6 with an effective Si-O-Si angle of 180°. However, the bar-
VOH®© 578.5 0.0 R R rier to a bent Si-O-Si configuration increases with increasing
565.2 15 59 78 pressure so that the defect eventually assumes a buckled
5325 0.4 R R form. Nevertheless, the oxygen atom can still rotate around
the (111) axis. This is the stable form for the defect in Ge.
2045.7 0.0 576.0 576.0 The oxygen interstitial in Si possesses three high-frequency
901.2 40.2 0.0 40.0 fundamental modes. Besides the well-known asymmetric
VOH() 594.3 0.0 R R stretch mode at 1136 cm, there is an infrared inactivl, g
571.8 03 55 6.9 mode around 621 cit and anE, mode localized on the Si
554.1 16 R R neighbors to the oxygen atom lying just below the Raman

edge. The diffusion of Ohas been considered and the cal-
culated activation barrier is about 2.2 eV in Si and 1.7 eV in

, . . Ge which are within 0.3 eV of the experimental values.

nized as s.uch f.rom the displacements of these atoms in the 1o piezospectroscopic tensors for the local modes as
modes. Mixed isotopic data show these modes are almogfe|| as the stress tensor for the defect have been evaluated
decoupled. The 565-cnt mode is a breathing mode show- here. The stress tensor demonstrates that the reconstructed
ing a small shift for both'®0 and D substitution. The Si-D pond inVO breaks when an electron occupies the antibond-
wag modes fall within the lattice modes, and thus no iSOtOpiQng state and the atoms with broken bonds move away from
shifts are available in Table XIV. In the negative chargeeach other compressing the lattice. This type of calculation
state, the 854-cm* mode increases to 901 crh This mir-  can be extended to many defects and links directly total-
rors the changes in the local mode WD when it traps an energy calculations with spectroscopic data obtained from
electron. stressed crystals in which defects have been aligned.

The activation energy for H hopping between the Si dan- The oxygen dimer, in both Si and Ge, is stable in the
gling bonds can be found by relaxing the defect w@h, staggered form with modes calculated to be in good agree-
symmetry. This gave a barrié, of 0.11 eV for the neutral ment with experiment. It is surprising that the two stretch
defect but this neglects the zero-point energy of the H atommodes of the dimer, in which the oxygen atoms share a com-
If we assume that the contribution of this vanishes at thdOn Si neighbor, are “almost” dynamically decoupled. The
saddle point, where the Si-H bonds are very long at 1.80 A@nomalous temperature dependence for the modes in Si has
then the barrier will include the contribution of hw/2 ~ P€eN linked to an increased buckling occurring during the
wherew is the frequency of the Si-H stretch mode given in contraction of the crystal when cooled. This seems to be a

Table XIV. The inclusion of this term effectively eliminates signature of a buckled oxygen bridge in Si and its observa-

tion has implications for other defects. The dimer is found to

the barrier and implies that tunneling must become impory . ciaple against the formation of, Molecules andvo,

tant. It is known that the barrier is apparently greater in the D

by about 0.07 &% For th tively ch d ; defects. The barrier to diffusion of the dimer is about 0.8 eV
case by about .07 €v.For Ihe negatively charged center, 5n4 0.6 eV lower in Si and Ge, respectively, than that of O

the barrier increases to 0.18 eV. _ The diffusion path involves a concerted movement of the
In addition to the hopping of H, the O atom can also jumpp,ir of atoms along a path which eliminates dangling bonds
between different100) axes. An upper limit to this barrier gt the saddle point.
can be found by constraining both O and H to lie on the same The VO and VO, defects are examined and it is found
(112) axis. E, for this configuration is 0.42 and 0.72 eV for that charging the former defect leads to an increase in fre-
the neutral and negatively charged defects, respectivelyjuency as observed, while the latter is responsible for the
These values are greater than found for AReenter consis- 894-cm ! band in Si. Confirmation that the 894-cband
tent with the view that both H and a trapped electron impedés due toVO, could come from an evaluation of the stress
the hopping of the O atom. tensor which is given here. ThéOH defect is remarkable in
Table Xl shows that a hydrogen molecule is not stablethat the H and O atoms can break their bonds leading to
when VO centers are present, and will dissociate to formreorientation of the defect with activation barriers of a few
VOH, defects. This explains the lack of observations oftenths of an eV. The barriers are larger for the negatively
VOH in samples into which molecular hydrogen is charged defects.
diffused’? Nevertheless, there is a binding energy of 2 eV
between theA center and an isolated bond-centered H atom
suggesting thaVOH centers, once formed, can be stable to We thank TFR in Sweden for financial support. We also
temperatures around 300 °C. acknowledge support from INTAS under Grant No. 97-0824.
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