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Interstitial oxygen in Si and Si1ÀxGex
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The equilibrium geometry, phonon spectra, and electronic structures of O interstitial defect in Si and
Si12xGex are calculated usingab initio plane-wave density-functional method. The effect of O, Si, and Ge
isotopes on the phonon spectra is also investigated and found in good agreement with the available experi-
mental data. Our calculations also support experimental evidence that in a Ge doped Si crystal an oxygen atom
prefers to occupy a position between two Si atoms, rather than between Si and Ge atoms.
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I. INTRODUCTION

Silicon and silicon-germanium (Si12xGex) alloys have at-
tracted extensive interest for applications such as microe
tronic and optoelectronic devices with various unique pr
erties. Point defects in Si or Si/Ge systems play an esse
role in their properties which explains why investigation
impurities in these semiconducting materials is still a ma
research area. Usually the presence of light impurities res
in appearance of local vibrational modes~LVM’s ! which are
well isolated from the frequency range of the host crys
The studies of LVM’s provide precious information about t
symmetry of the defects.

Oxygen plays an extremely important role in the def
engineering of silicon. On the positive side, oxygen agg
gates are used to getter unwanted metals out of solid s
tion, but negative effects also occur, such as the formatio
the well-known ‘‘thermal donors.’’1

There have been many experimental and theoretical s
ies of the oxygen defect in Si, and its structure is rather w
understood. It is now widely accepted that the oxygen in
stitial occupies a bridge position between two nearest
atoms.2–6 Total-energy calculations3–8 predict that the bond-
center position with theD3d symmetry is in fact a saddle
point and it is slightly more energetically favorable for th
oxygen atom to break the symmetry by moving away fro
the Si-Si bond̂ 111& direction in the plane perpendicular t
the bond and passing through its middle point. Howeve
was also found in the clusterab initio density-functional
calculations4–7 that the potential-energy surface for the ox
gen atom to move around the Si-Si bond as well as acro
is extremely flat with energy barriers of several meV whi
are much smaller than the actual precision of the calc
tions. This means that effectively the O interstitial (Oi) de-
fect can be considered aslinear with D3d symmetry when
the O atom occupies the middle position along the S
bond; the motion of the O atom in the plane perpendicula
the Si-Si bond is highly anharmonic. In fact, the motion
the O atom in the Si lattice can be viewed as a coupling o
vibration along the direction of the bond and its rotati
around it. These findings confirmed one of the first succe
ful theoretical models for the defect2 in which the combined
rotational-vibrational movement of the O atom was cons
ered. On the experimental side, the oxygen bridge confi
ration was identified by the position of the infrared~IR! ab-
0163-1829/2004/69~15!/155204~9!/$22.50 69 1552
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sorption peaks,9,2 the magnitude of the isotopic shifts10,11and
the stress-induced dichroism measurements.12

One of the most important characteristics of the defec
its vibrational spectrum. Three fundamental low-temperat
LVM’s associated with the Oi defect and located at 1136
517, and 29 cm21 were found10,12 ~in fact, the last two are
resonances!. In particular, the 1136 cm21 band~the so-called
n3 mode of the Si-O-Si molecule! is attributed to the asym
metric stretching in the linear Si-O-Si molecule, and t
517 cm21 band results from oscillations of the nearest tw
Si atoms to the oxygen, hasEu symmetry, and experience
almost no dependence on the oxygen mass. Recently, H
berg et al.13 used the IR absorption method to stud
Oi-related vibrational bands and reported two new band
560 and 648 cm21. While the first band is likely to be a ho
subband of the 517 cm21 band, the second band was a
signed to a combination of the far-infrared 29 cm21 vibra-
tion with a band around 600 cm21 which is not directly ob-
served in the IR experiments~but is Raman active!. Pajot
et al.5 studied the oxygen isotopic shifts and confirmed t
existence of the IR inactive mode near 600 cm21 in which
the O atom is weakly involved. In addition to that, the o
served 1748 cm21 band can be explained by assuming tha
corresponds to the combination of the 600 and 1136 cm21

bands.5,4 The existence of the 600 cm21 vibrational mode
was also confirmed theoretically4–6 where it was found that
there is a symmetric stretching mode with the vibration
frequency in the same range.

The Oi defect was also studied, both theoretically a
experimentally, in germanium.4,6,14,15 It was found that the
Ge-O-Ge model for the interstitial oxygen atom can expl
most of the experimental results. However, the barrier for
O atom to cross the Ge-Ge bond within the perpendicu
plane was calculated to be much larger than in the case o
oxygen in silicon~the potential-energy surface for the O r
tation around the bond is still flat! so that a puckered~off-
bridge! model for the molecule is more appropriate in th
case. Consequently, because of a larger mass of the Ge a
in the Ge-O-Ge molecule as compared with the Si-O-Si o
the n3 mode shifts to a much lower frequency 855.7 cm21.
Other frequencies are also similarly affected.

There have been far fewer studies of the same defec
the Si12xGex alloys, however. The effect of small germa
nium doping (x,0.0134) on the IR absorption bands of th
©2004 The American Physical Society04-1



a
e

c
el
p

ua
w

gh
o

pli
s

IR

ds
th
a
A
e
h-
e

p
a
t

e
pe

ls
d

ct
ex

rs

l i
n

th

fly
S

In
wi
t

th
w

ne

s,
t

for
nal
,

e,
-

lcu-
ubic

ith
is

nly
ns
ient

ve

e

tly
in
des
p-
ell
i-
001

ber
are
or
-
al-
y

d
he
ore
al

-

er

are
lk
r
this

e
the

he
e in

he
rs

s to
the
en-

he
,

S. HAO, L. KANTOROVICH, AND G. DAVIES PHYSICAL REVIEW B69, 155204 ~2004!
Si-O-Si center was studied in Ref. 14. No evidence w
found in this work of the O atom appearing close to G
atoms, i.e., the shift of the 1136 cm21 peak due to doping
was found to be sufficiently small that the formation of dire
Ge-O-Si or Ge-O-Ge molecules can be ruled out complet
It was, therefore, assumed that O atoms occupy bridging
sitions between two Si atoms as in pure silicon forming
Si-O-Si molecule. Consequently, in addition to the us
1136 cm21 band seen for the oxygen in a pure silicon, ne
IR adsorption peaks at 1118.5 and 1130.1 cm21 were ob-
served attributed to Si-O-Si molecules perturbed by nei
boring Ge atoms at Si lattice sites. The shifted positions
other bands were ascribed to weakened anharmonic cou
between the rotational and asymmetric vibrational mode
the Si-O-Si molecule.

Similar results were obtained in Ref. 16 where the
spectrum of the interstitial oxygen in Si12xGex systems was
investigated for a considerably larger Ge content (0.024,x
,0.066). In particular, the formation of direct O-Ge bon
was not observed in the IR spectrum. It was also found
a good agreement with experiment is achieved if one
sumes a random distribution of Ge atoms in the crystal.
even higher doping the IR spectrum is transform
considerably17 as nearly all interstitial oxygens have neig
boring Ge atoms. Finally, recently an extensive study cov
ing the full composition range (0,x,1) was performed in
Ref. 18 using the IR and secondary ion mass spectrosco
as well as the extended x-ray fine structure method. It w
found that the asymmetric stretching mode peak shifts
smaller frequencies with the increase of Ge doping, wher
the intensity of the peak decreases. At the same time, no
was found around 855 cm21 even in Ge-rich alloys, which
means that no Ge-O-Ge vibration was observed. It is a
pointed out in Ref. 18 on the expansion of the Si-Si bon
with increase of the Ge concentration as a possible fa
which should be taken into account while analyzing the
perimental IR spectra.

To the best of our knowledge, there have been no fi
principles theoretical studies of the Oi defect in the Si/Ge
system. Therefore, the aim of the present paper is to fil
this gap by studying the geometry, energetics, and vibratio
spectrum of the O interstitial defect in a Si/Ge system in
limit of small Ge concentrations using anab initio density-
functional ~DFT! method.

The plan of the paper is as follows. In Sec. II we brie
describe our DFT method. The O interstitial defect in the
bulk is considered in Sec. III to verify our methodology.
addition, it serves as a convenient reference system
which the O defect in Si/Ge can be compared. The geome
phonon, and electronic structures of the O interstitial in
Si/Ge system are presented in Sec. IV. Finally, in Sec. V
discuss our results and draw brief conclusions.

II. METHOD

We used DFT, periodic boundary conditions, and pla
wave basis set as implemented in the Viennaab initio simu-
lation package19–21 ~VASP! to obtain the relaxed geometrie
the electron density, the Kohn-Sham energies, as well as
15520
s

t
y.
o-
a
l

-
f
ng
of

at
s-
t

d

r-

ies
s
o
as
ak

o
s
or
-

t-

n
al
e

i

th
ry,
e
e

-

he

Hellmann-Feynman forces on atoms which are needed
the atomic relaxation and the calculations of the vibratio
spectra~see below!. To minimize the cost of the calculations
ultrasoft pseudopotentials22,23 have been used for the Si, G
and O atoms. Differentk-point samplings have been em
ployed depending on the system cell size. Most of the ca
lations reported here are based on the periodic simple c
cell containing 64 Si atoms. Fourk points in the Brillouin
zone generated using the Monkhorst-Pack method w
23232 k-point mesh have been found sufficient for th
system. When considering the O defect in this cell, o
one G k point has been normally used. The calculatio
have been performed using the generalized grad
approximation.24

Dynamical properties of oxygen in Si and Si/Ge ha
been studied using a modification of the direct~frozen-
phonon! method.25,26 In this method, the elements of th
force-constant matrix are calculated fromab initio forces ex-
erted on all cell atoms when a particular cell atom is sligh
displaced from its equilibrium position. As our concern
this study has been only related to the vibrational mo
associated with the O defect, we used the following a
proach. To calculate the force-constant matrix for the Si c
with a single O atom in it, we first relax all the atomic pos
tions until the forces exerted on atoms are less than 0.
eV/Å ~compare, e.g., with Ref. 27!. Then we identify in a
cluster of atoms consisting of the oxygen and a finite num
of the host Si atoms around it. The atoms of the cluster
displaced from their equilibrium positions one by one; f
each configuration theab initio forces and thus the corre
sponding contributions to the force-constant matrix are c
culated. Ifn is the number of atoms in the cluster, this wa
we obtain a 3n33n dynamical matrix which is diagonalize
to give the first approximation to the local phonons. T
calculation is then repeated several times by including m
and more atoms into the cluster. We find that vibration
frequencies somewhere above 100 cm21 converge reason
ably well with the cluster size~see the following section!. As
expected, this method is unreliable for phonons with low
frequencies~with wavelengths larger than the cell size!.
These modes, if given at all by the finite cluster used,
strongly coupled to the continuum of low-frequency bu
acoustic modes~i.e., are resonances! and should show cluste
size dependence. Therefore, we do not consider them in
paper, excluding the 29 cm21 band in particular.

When modeling the Oi defect in the Si/Ge system, th
same method is used. Note, however, that depending on
position of the Ge atom with respect to the oxygen, t
choice of possible clusters can be somewhat limited sinc
each cluster both O and Ge atoms are to be present.

Diagonalization of the cluster dynamical matrix gives t
vibration frequenciesvl and the corresponding eigenvecto
e(l)5ieAa

(l)i . HereA is the cluster atom anda5x,y,z gives
three Cartesian directions. The eigenvectors enable u
identify localized modes and resonances associated with
defect and/or Ge substitution. Indeed, each particular eig
vectore(l) gives the relative amplitudes of each atom in t
supercell if this particular vibrationl is activated. Therefore
4-2
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INTERSTITIAL OXYGEN IN Si AND Si12xGex PHYSICAL REVIEW B 69, 155204 ~2004!
by analyzing the projected phonon density of states~phonon
PDOS!,

DA~v!5(
a

(
l

ueAa
(l)u2d~v2vl!, ~1!

for every atomA of interest~e.g., O atom, nearest Si or G
atoms!, one can find at which frequencies particular ato
contribute. When plotting the phonon DOS, we replace e
Dirac d function with a Gaussian of dispersions
510 cm21. This smearing procedure is necessary beca
our cluster method gives only a limited number of phon
modes. Using the calculated vibrational frequencies for
cells with and without the O atom, we can also calculate
quasiharmonic contribution of the defect to the vibration
entropy and the free energy of the crystal~not reported in
this paper!.

The charge densityr(r ) of every cell has been analyze
using theLEV00 package28 by plotting the density along line
and in planes cutting through the cell. Additional insight in
the density distribution in every system, and in particula
possible charge transfer between atoms, has been gaine
calculating the charge in spheres of different radii cente
on various atoms~cf. Ref. 29!. Electronic total and projected
DOS has been calculated from the Kohn-Sham eigenst
using the method of tetrahedra.30,31

Formation energies of the O interstitial were calcula
using4,3

Ef~O!5ED2(
i

nim i . ~2!

Here ED is the total energy of the supercell containing t
defect and composed ofni atoms of speciesi whose chemi-
cal potential ism i . The chemical potentialmSi of Si is simply
the energy per atom in the bulk phase. It was calculated
mSi525.427 eV using the fcc cell with 128 Si atoms and
sufficient number ofk points. To calculate the chemical po
tentialmO of an oxygen atom, we considered3,4 thea-quartz
crystal. There are three Si and six O atoms in the unit cel
the a quartz. Therefore, the O chemical potential ismO
5 1

6 (E3SiO2
23mSi)529.19 eV.

III. INTERSTITIAL OXYGEN IN SILICON BULK

A. Equilibrium structure

The geometrical characteristics and formation energie
the relaxed linear structure of theD3d symmetry@see Fig.
1~b!# calculated using supercells containing 32, 54, 64, a
128 Si atoms are shown in Table I. By taking the O ato
away from the Si-Si bond direction within the plane perpe
dicular to it and allowing all atoms to relax again, we o
tained in each case theC1h symmetry structure@Fig. 1~a!#
with slightly lower total energy. The parameters of this stru
ture for every supercell are also shown in Table I. Th
points follow from these results. First, our results for thei
defect are in a good agreement with the previous D
calculations.4 Formation energies are slightly smaller than
Ref. 4 which we think is due to differences in the particu
15520
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implementations of the DFT method used. Second, the in
mediate size 64 atom cell is sufficient for the O defect c
culations; note, however, that it has not completely co
verged with respect to the defect formation energy since
doubling the cell to 128 atoms,Ef is 0.4 eV lower. All our
subsequent calculations have been done using the 64
cell. Third and most important, the difference between
D3d and the lower symmetryC1h structures is found to be
extremely small. To explore this point even further, we ha
taken the O atom away from theC1h symmetry and allowed
all atoms to relax. The resultingC1 symmetry structure has
only 1.03 meV lower energy than theC1h structure, 157°
Si-O-Si angle, and 1.62 Å Si-O distance. Thus, our calcu
tions, in complete agreement with the previous theoret
studies,2,4–6 clearly demonstrate that the potential-ener
surface for the O atom around the linear configuration
extremely flat with very small barriers between differe
shallow energy minima. This point is also reinforced in o
calculations of the phonon structure which showed the e
tence of one or two imaginary vibrational frequencies
every geometry studied.

The distribution of the electron density in the Si-O-Si sy
tem is shown in Fig. 2~a!. The covalent bonding between th
two Si atoms of the Si-O-Si molecule and the O is clea
visible. The two electrons~one from each of the two Si at
oms! which used to form the Si-Si bond in the O-free syste
participate now in the covalent bonding with the O ato

FIG. 1. Different configurations for interstitial oxygen~small
circle! in Si and Si12xGex systems.~a! C1h and~b! D3d configura-
tions in Ge-free silicon, and~c! a puckered configuration for sys
tems with a Ge atom in positions markedA, B, C, andD ~systemsA,
B, C, andD, respectively!.

TABLE I. Si-O distance, Si-O-Si angle, and formation energy
the relaxed structures ofC1h and D3d symmetries found for the
three cell sizes considered here.

Cell (k points! Property C1h D3d C1h ~Ref. 4!

bcc 32~14! Ef(O) ~eV! 1.68 1.69 1.83
Si-O ~Å! 1.613 1.604

Si-O-Si ~deg! 161.0 180
fcc 54 ~4! Ef(O) ~eV! 1.63 1.69

Si-O ~Å! 1.628 1.598
Si-O-Si ~deg! 146.4 180

sc 64~4! Ef(O) ~eV! 1.55 1.56 1.81
Si-O ~Å! 1.619 1.605 1.62

Si-O-Si ~deg! 157.1 180 157
fcc 128 ~4! Ef(O) ~eV! 1.15 1.16 1.38

Si-O ~Å! 1.619 1.605
Si-O-Si ~deg! 161.8 180
4-3
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FIG. 2. The electron charge densities of the linear Si-O-Si~a! and Si-O-Ge~b! systems.
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making it effectively O22. Other three electrons of the tw
Si atoms are engaged in the covalent bonding with the
rounding Si atoms as in the O-free system, so that the den
on the two Si atoms nearest to the O atom remains larg
unaffected. The calculated electron DOS shown in Fig
does not show any states in the gap between the valence
conduction band, although some considerable changes w
the occupied band due to the O defect are clearly visible

B. Vibrational properties

The vibrational frequencies of the O defect have be
calculated using the modified direct method described ab
We find that, apart from the single lowest phonon mo
which decrease steadily with the increase in the cluster s
all other frequencies converge reasonably well. In all sub

FIG. 3. Electron DOS for the O-containing systems. Note t
the energy gap between the valence band~VB! and conduction band
~CB! is reduced due to the smearing procedure used~Sec. II!.
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quent calculations of the phonon frequencies to be descr
in the following a cluster containing 26 Si atoms has be
found sufficient.

Comparing the phonon DOS of the cell with and witho
the O atom, we find a number of features due to the O def
These appear as peaks and resonances in the projected
shown in Fig. 4: the modes around 140, 260, and 1107 cm21

~the first two are resonances and the last one is a local m!
involve the oscillation of the O atom, while the 160, 526, a
599 cm21 modes~two resonances and a local mode split o
the bulk band, respectively! are associated with the symme
ric oscillations of the two Si atoms of the Si-O-Si molecu
with almost no O participation~there is some contribution
from the O atom to the 160 cm21 peak!. A more detailed
analysis of the symmetry of each mode showed that the 5
599, and 1107 cm21 oscillations correspond to the wel
known 517, 600, and 1136 cm21 bands, respectively. Note
that the resonance around 140 cm21 has been predicted be

t
FIG. 4. Total and projected phonon DOS for theD3d symmetry

O defect in silicon.
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TABLE II. Some of the LVM’s (cm21) and their downward isotopic shifts.

This work Observeda From Refs. 4 and 3

28Si-16O-28Si 1107.2, 599.6, 526.2 1136.4, 618, 517.8 1184, 519, 6194

1098, 6303
30Si-16O-28Si 3.6, 10.2, 0.2 3.7, 9.5, 4, 10, 14

30Si-16O-30Si 7.1, 19.6, 4.4
28Si-18O-28Si 51.1, 0, 0 51.4, 0, 0.0 55, 0, 04

50, 23

30Si-18O-28Si 54.8, 10.2, 0.3 55.2 58, 10, 14

30Si-18O-30Si 58.5, 19.5, 4.5
72Ge-16O-28Si 28.1, 73.5, 3.4

aFrom Ref. 5, except for the 618 cm21 band which is from Ref. 13.
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fore in Ref. 3, while the one around 260 cm21 also clearly
related to the O defect, as far as we are aware, has n
been reported before. Our frequencies are in close agree
with those observed, which demonstrates that the clu
model used in our calculations is adequate. Note, howe
that the 140 cm21 mode still shows a weak cluster size d
pendence. As our interest here is in the effect of the
atoms on the O defect, these drawbacks of our model are
important since the same cluster model will be used
Si/Ge systems as well.

Three characteristic vibrational modes together w
their downward isotopic shifts are shown in Table II. T
asymmetric stretching mode at 1107 cm21 is shifted
by 51.1 cm21 with the 18O atom in good agreement with th
experimental result of 51.4 cm21. A good agreement with
the observed isotopic shifts has been found in other case
well. For instance, the calculated 3.6 cm21 shift for the
30Si-16O-28Si system is also in excellent agreement with t
observed value of 3.7 cm21. The 599 and 526 cm21 modes
originate from a symmetrical vibration of the two Si atom
of the Si2O molecule with a negligible contribution from th
O atom and are thus practically unaffected by the16O
→18O change. The isotope shifts due to change of
masses of the two Si atoms agree well with other theoret
calculations.3,4

IV. INTERSTITIAL OXYGEN IN Si 1ÀxGex

A. Energetics and geometry

To study the oxygen defect in the Si12xGex system, we
considered the same 64 Si atom cells as above in which
Si atom was substituted by a Ge atom~this corresponds to
the value ofx5 1

64 .0.016) and then all atoms of the Si63Ge
cell were allowed to relax to their equilibrium positions. Th
Si and Ge atoms are nearly identical from the chemical p
of view, the latter one having slightly larger atomic radiu
Nevertheless, we find very little atomic relaxation in the s
tem around the Ge atom and a negligible change in the e
tronic DOS. For instance, the Si-Ge bond length and
Si-Ge-Si angle,aSi-Ge-Si, were found to be 2.39 Å and
109.47°, respectively, which are very close to the valu
2.36 Å andaSi-Si-Si5109.47° found for the perfect Si system
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Then we have introduced a single O atom to the Si63Ge
cell. Four Si63GeO systems have been considered in wh
the O atom was positioned@see Fig. 1~c!#: systemA, nearest
to the Ge atom, i.e., forming a Si-O-Ge molecule; systemB,
in the second sphere, i.e., nearest to the Si-O-Si molec
systemC, in the third sphere; and systemD, in the fourth
sphere. In every case all atoms were allowed to relax to t
mechanical equilibrium. Both linear and puckered configu
tions of the Si-O-X molecule were considered. Formatio
energy of the O defect,

Ef8~O!5ESi63OGe2~ESi63Ge1mO!, ~3!

which is calculated with respect to the Si63Ge cell, together
with the geometric characteristics of the Si-O-X molecule
(X5Ge for systemA andX5Si for other three systems! are
shown in Table III.

As in the case of the O defect in silicon discussed in
preceding section, we found that from the point of view
the total energies the linear geometry is in each case a sa
point and the puckered configurations are more energetic
favorable. The energy barriers between two opposite pu
ered geometries calculated at the linear configuration
casesB, C, andD are comparable to that found for the O
silicon. The formation energies for these configurations a
geometry parameters are similar to each other and are
very close to those for the O in silicon~cf. Table I!. Thus, if
the Ge atom does not appear as the nearest neighbor of t
atom, the O defect can be viewed as the Si-O-Si molec

TABLE III. The formation energy,Ef8(O), and geometry of the
O interstitial defect in the Si/Ge systems.

System Ef8(O) ~eV! Si-O ~Ge-O! ~Å! Angle ~deg!

A ~puckered! 2.25 1.61~1.80! 144.6
A ~linear! 2.37 1.58~1.76! 180
B ~puckered! 1.48 1.62 157.6
B ~linear! 1.49 1.60, 1.61 170.4
C ~puckered! 1.51 1.62 157.9
C ~linear! 1.52 1.60, 1.61 174.8
D ~puckered! 1.50 1.62 153.6
D ~linear! 1.51 1.61, 1.61 176.4
4-5
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which is only slightly perturbed by the Ge atom in the neig
boring spheres. This is in agreement with the previo
studies.14

The situation is rather different, however, if the Ge ato
is positioned next to the oxygen~systemA in Table III!. In
this case a Si-O-Ge molecule is formed with the linear
ometry to be 0.12 eV higher in energy than the puckered o
This is consistent with the results for the O defect
germanium6 where it was found that the energy differen
between the puckered and linear configurations of the
O-Ge molecule is noticeably larger than that for the O
silicon. Then, as expected, we also find that the Si-O-
molecule is no longer symmetrical. For example, in t
puckered geometry the Si-O bond length is by nearly 0.2
shorter than the O-Ge distance and the Si-O-Ge angle i
more than 10° smaller. This is mainly due to a larger size
the Ge atom. Most importantly, the energy of the O def
with the Ge atom in the first sphere~systemA) was found to
be at least 0.7 eV less energetically favorable than for
other three systems in which the Ge atom is located fur
away from the oxygen. Thus, we conclude that the O at
does not prefer to form a direct chemical bonding with t
Ge atom.

The electron DOS for the Si-O-Ge system~systemA) is
shown in Fig. 3 where some redistribution of the electr
states within the valence band is clearly visible. Howev
there are no states in the gap similar to the O in silicon. T
difference in the electronic DOS for the two systems is d
to some atomic relaxation in and around the Si-O-Ge m
ecule caused by a larger Ge atom. This latter point can
be seen in the electron density for the Si-O-Ge system wh
is compared to that of the Si-O-Si system in Fig. 2. The t
charge densities look very similar. However, the Si-O-
molecule has a slightly larger size which induces a lo
mechanical strain in the surrounding lattice. This strain
larger than that induced by a single Ge atom in the p
silicon lattice which explains why the Si-O-Ge system is le
energetically favorable than any of the Si-O-Si systems w
the Ge atom in their neighborhood.

The point about only small perturbation of the O defe
due to the Ge substitution for systemsB, C, andD can also
be illustrated by the following simple calculation. The tot
formation energy of the O defect in those systems,

Ef8~O,Ge!5~ESi63OGe1mSi!2~ESi64
1mGe1mO!, ~4!

can formally be written as a sum of the formation energies
the oxygen defect in the Si/Ge system, Eq.~3!, and the en-
ergy

Es~Ge!5~ESi63Ge1mSi!2~ESi64
1mGe! ~5!

required to substitute a single Si atom with a Ge atom in
O-free system. If these two defects, namely, the O interst
and the Ge substitution, are independent of each other,
the formation energy of oxygen,Ef8(O), in the Si/Ge system
should be very close to the formation energyEf(O) in the
Ge-free system reported in Table I. Using from our calcu
tions the available total energies of all the systems featu
in the above formula~here the choice ofmGe is not impor-
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tant; it was taken as the energy of a single Ge atom!, we find
thatEf8(O) is equal to 1.48, 1.51, and 1.50 eV for systemsB,
C, and D, respectively. The linear geometry of the Si-O-
molecule was used in each case. One can see that in caC
andD the oxygen formation energy is extremely close to t
value of 1.56 eV for the Ge-free system. In the case of s
temB the discrepancy is slightly larger since in this case
influence of the Ge atom on the structure of the Si-O
molecule immediately next to it is obviously not negligibl

Similarly one can compare the substitution ener
Es(Ge)520.057 eV, Eq.~5!, in the O-free system with tha
calculated for systems with the O atom using

Es8~Ge!5~ESi63OGe1mSi!2~ESi64O
1mGe!. ~6!

The substitution energiesEs8(Ge) obtained for systemsB, C,
and D are 20.073, 20.046, and20.052 eV, respectively.
Again, in the casesC and D these are close to the energ
Es(Ge)520.057 eV, whereas the difference in substituti
energies between systemB and the O-free system is some
what more significant.

B. Vibrational properties

To investigate how the Ge doping perturbs the vibratio
properties of the O defect in silicon, we have calculated
phonon PDOS for the Si63Ge cell without and with an oxy-
gen atom; in the latter case all four positions of the O w
respect to the Ge atom have been considered~systemsA to
D). We found only a very little change in the phonon DO
for the oxygen-free system due to Ge substitution. A heav
Ge atom introduces a small resonance at around 120 c21

as well as some insignificant features in the middle of
silicon phonon continuum. The phonon total and projec
DOS for the system with an oxygen atom positioned nex
the Ge~systemA) and in the third coordination sphere~sys-
tem C) are shown in Fig. 5. The phonon DOS for th
Si63GeO systemD is very similar to that for systemC, while
the DOS for systemB ~not shown! is intermediate to those
for systemsA andC.

First of all, we note that the DOS for systemC ~and thus
for systemD as well! is very similar to that for the Si-O-S
Ge-free system shown in Fig. 4 and discussed earlier. Th
consistent with our earlier conclusion based merely on en
getic arguments that these systems can be treated as co
ing of independent Si-O-Si molecule and a Ge substitut
defect. Consider now the phonon DOS for the Si-O-Ge s
tem ~systemA). Three significant differences can be notic
if compared with the phonon DOS of the Si-O-Si syste
~Fig. 4!. First, the peak at 1107 cm21 has moved to much
lower frequency 962 cm21; second, the contribution of the
Ge atom into this peak is much less significant than tha
the Si; third, the 599 cm21 peak which was split off from the
top of the phonon continuum in the Ge-free system has
come a resonance in the case of systemA.

To understand these effects, we considered the vibratio
spectrum of the O defect in the silicon system in which o
of the Si atoms was given the mass of the heavier Ge at
We kept the force-constant matrix as well as the atomic
4-6
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FIG. 5. Total and projected phonon DOS of two Si63GeO systems with the Ge atom~a! in the first~systemA) and~b! the third~system
C) coordination spheres with respect to the O atom. A linear geometry of the Si-O-X molecules (X5Ge, Si! was used in each case.
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ometry in all these calculations as for the Ge-free syst
Since chemically Si and Ge atoms are very similar, this w
one can approximately simulate all four systems fromA to D
depending on which Si atom~with respect to the oxygen!
was given the Ge mass. We call these ‘‘fake’’ Ge syste
The phonon DOS for the O in the Ge-free system as wel
for the fake and real systemA are compared in Fig. 6. On
can clearly see that the 1107 cm21 phonon peak moved to
wards lower frequencies in the case of the fake systemA; at
the same time, the peak near 599 cm21 moved to lower fre-
quencies and became a resonance. A similar analysis
been made for systemsB, C, andD. We find that there is a
very little difference between the phonon DOS for the fa
and real systemsB, C, and D. Thus, we conclude that th
phonon spectra of the O defect in the Si/Ge system, ex
for the 1107 cm21 peak of systemA, can be explained al
most entirely by the different mass of the Ge atom. T
1107 cm21 mode is found to be also sensitive to the chan
in the chemical bonding of the O atom to its two neighbo
caused by the Ge substitution.

FIG. 6. Comparison of the total DOS for Si64O ~Ge-free!, fake,
and real systemsA.
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The isotopic effects based on the phonon calculations
the Si63GeO unit cell with linear geometries of the Si-O-X
molecules are listed in Table IV. In all cases the Si isoto
corresponds to Si atom directly bonded to the oxygen. D
ferent Ge isotopes play a very small effect on the high
frequency of the peak near 1061 cm21. This is to be ex-
pected for systemsB and C in which the Ge atom is no
directly bound to the O. In the case of systemA this is
consistent with the fact, mentioned earlier, that the Ge c
tribution into this particular vibration is small. The effect o
the Ge mass on all other frequencies is also insignificant.
the other hand, the mass of the O atom significantly affe
the vibrational frequencies which is in line with our resu
for the Ge-free system, Table II. Since the O atom prefers
to have the Ge atom in the first sphere, we can conclude
at least for small Ge concentrations in which the effect of
lattice expansion due to Ge substitution is not significa
one should not expect any significant shifts in the phon
spectrum due to different Ge isotopes; on the other hand,
peaks due to O isotopes also should not depend on the
concentration.

TABLE IV. Calculated LVM’s (cm21) for systemsA, B, andC
with 28Si, 16O, and 72Ge and their corresponding isotopic shif
~see text!.

Isotopes SystemA SystemB SystemC

28Si,16O,72Ge 961.7 1046.3, 594.6 1061.5, 594.3
28Si,16O,70Ge 20.2 0,20.02 0, 0
28Si,16O,74Ge 0.18 0, 0.01 0, 0
28Si,18O,72Ge 43.6 48.4, 1.7 48.6, 1.5
28Si,18O,70Ge 43.4 48.4, 1.7 48.6, 1.5
28Si,18O,74Ge 43.8 48.4, 1.7 48.6, 1.5
30Si,16O,70Ge 5.5 3.1, 9.5 3.3, 10.0
30Si,16O,74Ge 5.9 3.1, 9.5 3.3, 10.0
30Si,18O,70Ge 49.6 51.6, 11.2 52.1, 11.5
30Si,18O,74Ge 50.0 51.6, 11.2 52.1, 11.5
4-7
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V. DISCUSSION AND CONCLUSION

In this paper we report first-principles DFT calculations
the O interstitial defect in pure Si and Si/Ge systems. In b
cases we studied geometry, energetics, as well as vibrat
properties of the defect.

Chemically, the O atom establishes a strong cova
bonding with the two Si atoms which donate an electr
each to form the Si-O-X molecule, whereX is either Si or
Ge. Our calculations for the oxygen defect in silicon ag
reasonably well with the existing experimental data and p
vious calculations. In particular, we confirm a highly pecul
anharmonic character of this defect which can be conside
as a vibration of the oxygen atom along the Si-Si direct
coupled to its rotation around the same axis. Therefore,
calculations agree with the conclusion made in Ref. 5 t
this defect should be treated as linear rather than pucke
This is in spite of the fact that the linear configuration do
not correspond to the global energy minimum of the syste

Using a simple finite cluster approach whereby a fin
number of atoms in the periodic supercell are conside
explicitly, we calculated the phonon spectrum of the O
silicon system. In particular, we show that the vibration
spectrum contains two local vibrations, asymmetric and sy
metric stretching modes around 1107 cm21 and 599 cm21,
respectively. Although the first mode has been known fo
long time, the latter one has only been suggested ra
recently5 since it is IR inactive. In addition to these loc
discrete modes, we have also found some resonances w
are attributed to the O defect. The resonances around
and 526 cm21 have been reported before in Ref. 3 and Re
12, 10, 6, 5, and 4, respectively; at the same time, the l
frequency resonance around 260 cm21, as far as we are
aware, has not been reported previously. One has to hav
mind, however, that low-frequency resonances might be
ficult to observe experimentally since they may be mas
by the bulk phonons in the same frequency range. We h
also calculated isotope shifts which agree well with the av
able data.

In order to model an oxygen interstitial defect in a Si/G
alloy system, we substituted a Si atom in the 64 atom su
cell by Ge and then placed an oxygen atom at four poss
-

ys

v.

, J

15520
f
h
al

nt
n

e
-

r
ed
n
ur
t
d.

s
.

d

l
-

a
er

ich
40
.
-

in
f-
d
ve
l-

r-
le

positions with respect to the oxygen. These calculations
respond to a rather low concentration of Ge atoms in
alloy Si12xGex (x.0.016). Our main conclusions comin
from the calculations can be summarized as follows. Fi
the O atom finds it energetically more preferable to s
away from the Ge atom: the likelihood of finding O atom
making a direct chemical bond with Ge atoms~at least at
small Ge concentrations! is small. Therefore, O atoms ar
most likely to form Si-O-Si molecules similar to thos
formed in pure silicon; these molecules may, however, h
Ge atoms in their neighborhood. This conclusion is in go
agreement with the available experimental data.14,16,18 Sec-
ond, the effect of the Ge atoms on the geometry and vib
tional properties of the Si-O-Si molecules is not very sign
cant, apart from the case when a Ge atom is positioned
to the molecules which results in.40 cm21 downward shift
of the asymmetric stretching mode. Third, at higher Ge c
centrations one has also to consider a possibility of Si-O
molecules~and Ge-O-Ge molecules at even higher conc
trations!. We find that the vibrational spectrum of the S
O-Ge molecule in silicon, geometry of which is intermedia
to that of the Si-O-Si and Ge-O-Ge molecules, is consid
ably deformed in comparison with the vibrational propert
of the O defect in pure silicon. In particular, we find that t
1107 cm21 peak moves considerably downwards, while t
599 cm21 local mode becomes a resonance. The downw
shift of the asymmetric stretching mode with an increase
the Ge concentration was observed in Ref. 18.

The study reported in this paper is rather limited since
corresponds to only very small concentrations of Ge atom
silicon. We plan to consider several Ge atoms around a
defect in the near future. We think it is also important
understand the diffusion properties of the O defect in
Si12xGex alloys.
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M. Höhne, and W. Shro¨der, Physica B273-274, 305 ~1999!.

18I. Yonenaga, M. Nonaka, and N. Fukata, Physica B308-310, 539
~2001!.

19G. Kresse and J. Hafner, Phys. Rev. B47, 558 ~1993!.
20G. Kresse and J. Furthmu¨ller, Comput. Mater. Sci.6, 15 ~1996!.
21G. Kresse and J. Furthmu¨ller, Phys. Rev. B54, 11 169~1996!.
22G. Kresse and J. Hafner, J. Phys.: Condens. Matter6, 8245

~1994!.
23D. Vanderbilt, Phys. Rev. B41, 7892~1990!.
24J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. P

erson, D.J. Singh, and C. Fiolhais, Phys. Rev. B46, 6671
15520
d-

~1992!.
25K. Parlinski, Z.Q. Li, and Y. Kawazoe, Phys. Rev. Lett.78, 4063

~1997!.
26G. Kresse, J. Furthmu¨ller, and J. Hafner, Europhys. Lett.32, 729

~1995!.
27Y.J. Lee, M. Pesola, J. von Boehm, and R.M. Nieminen, Ph

Rev. B66, 075219~2002!.
28L.N. Kantorovich, http://www.cmmp.ucl.ac.uk/;lev/codes/lev00/

index.html @user-friendly package for DFT codesCASTEP/VASP/
SIESTA ~1996-2004!#.

29L.N. Kantorovich, J. Holender, and M.J. Gillan, Surf. Sci.343,
221 ~1995!.

30G. Lehmann and M. Taut, Phys. Status Solidi54, 469 ~1972!.
31O. Jepsen and O.K. Andersen, Solid State Commun.9, 1763

~1971!.
4-9


