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Structure and properties of vacancy-oxygen complexes in Si1ÀxGex alloys
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The electronic properties and structure of vacancy-oxygen~VO! complexes in Czochralski-grown Si12xGex

crystals (0,x,0.06) have been studied by means of capacitance transient techniques andab initio modeling.
At least three configurations of the VO centers in SiGe alloys have been identified. The most stable configu-
ration consists of a Si-O-Si unit and a Ge-Si reconstructed bond in a vacancy. This configuration is about 0.2
eV more stable than separated VO and Ges defects and possesses an acceptor level which is about 25 meV
deeper compared to the level of the VO center without a Ge atom in a nearest-neighbor site. Several configu-
rations with a Ge atom in the second nearest-neighbor shell around an off-center oxygen atom have been found
to be stable. One of these configurations has an acceptor level, which is about 15 meV shallower than that for
the VO complexes with more remote Ge atoms. The increase of the ionization enthalpy of the VO complexes
with the increase in Ge content in Si12xGex crystals is associated with changes in the average Si-Si bond
length.

DOI: 10.1103/PhysRevB.69.125218 PACS number~s!: 71.55.Cn, 61.72.Bb, 61.72.Ji, 71.15.Mb
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I. INTRODUCTION

SiGe alloys are important materials for the microelectro
ics industry largely because of the possibilities of band-g
engineering leading to optical and high-speed electro
devices.1 For the successful fabrication of SiGe-based
vices, an understanding of the electronic properties of
most abundant lattice defects is required over the wh
composition range of SiGe alloys. There are three types
behavior a defect may exhibit in the SiGe alloy. First, t
core of the defect might be occupied with Ge atoms a
consequently the properties of the center are quite diffe
from those of the defect in pure Si. Second, the chang
lattice parameter can cause the vibrational modes or en
levels to shift often in a linear way for dilute concentratio
of Ge, and third, the presence of Ge atoms affect the con
tion and valence bands in a way beyond the change in b
lengths and this has an influence on the lattice parameter
other properties. Whereas it is often difficult to distingui
these three effects in the alloy experimentally, we shall sh
below that theoretical modeling is able to discriminate b
tween them.

The vacancy-oxygen complex~VO or A center! is one of
the dominant defects induced by irradiation with high-ene
particles~electrons, protons, etc.! in Si crystals grown by the
Czochralski method,2,3 where its structure and electron
properties are well understood.2–4 The VO center is also
thought to be one of the main radiation-induced defects
oxygen-rich Ge crystals.5–9 Here the defect possesses sing
and double acceptor levels at (Ev10.27) eV and (Ec
0163-1829/2004/69~12!/125218~11!/$22.50 69 1252
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20.21) eV, respectively.8,9 However, the situation is not so
clear in SiGe alloys although some data has been publis
recently.10,11

Deep level transient spectroscopy~DLTS! has been used
to investigate the energy level of VO ine- or g-irradiated
bulk Si12xGex crystals (0,x<0.055) grown by the Czo-
chralski method.11 The enthalpy of electron ionization for th
single acceptor level of the defect relative to the conducti
band edge,DHn , was found to increase from 0.16 eV to 0.1
eV with x. This shift is much greater than the change in ba
gap with the increase in Ge content@about20.43x eV ~Ref.
12!#. Moreover, it was argued that the concentration ofA
centers, which have a Ge atom in the first nearest-neigh
shell around an off-center substitutional oxygen, is small
ter irradiation. This follows from the preference of interstiti
oxygen atoms (Oi) to bond directly with two Si atoms a
Ge-O bonds could not be detected in optical absorption
periments on Czochralski-grown~Cz! SiGe alloys with Ge
content up to 77 at. %.13–16 Moreover the shift of the leve
with lattice parameter was the same as found by applica
of hydrostatic pressure to VO in bulk Si.17 Therefore, the
observed change in the energy level of the VO defect w
associated with the changes in the lattice parameter in
alloy rather than to any change in the nature of the cond
tion band caused by the presence of Ge.11 We shall show
here, however, that this interpretation is not completely c
rect.

While Oi may not bond directly with Ge for concentra
tions of Ge up to 77 at. %, there is infrared absorption e
dence that Ge lies close to VO in SiGe crystals.10 The domi-
©2004 The American Physical Society18-1
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nant local vibrational mode~LVM ! at about 830 cm21 in
irradiated SiGe alloys was assigned to isolated VO defec
in Ge-lean Si crystals.2,18 The breadth of this mode preven
a shift due to the change in lattice parameter being resol
However, two additional lines with weak intensities at 834
and 839.2 cm21 ~at 300 K! were observed and assigned
VO-Ge complexes. Moreover, upon isochronal annealing
the irradiated samples the 834.6- and 839.2-cm21 lines in-
crease in intensity at the expense of the 830-cm21 band.10

Thus VO centers with nearby Ge atoms were formed dur
annealing but their electronic properties are unknown.

In order to obtain more information on the electron
properties and structure of vacancy-oxygen complexes
SiGe alloys a combined capacitance transient spectros
andab initio modeling study has been carried out and will
reported in the following sections.

II. EXPERIMENTAL DETAILS

Samples for this study were prepared fromn-type
P-doped Si12xGex crystals, which were grown at the Inst
tute of Crystal Growth~Berlin, Germany! by the Czochralski
technique.19 The phosphorus concentration in the cryst
was (1 –3)31015 cm23. The concentrations of interstitia
oxygen and substitutional carbon atoms measured by op
absorption were found to be (7 –9)31017 and (2 –3)
31016 cm23, respectively. The concentration of Ge in th
crystals varied from 1.5 to 5.5 at. %. The Ge concentrat
was determined from x-ray diffraction and Raman-scatter
measurements. Ge-free Si samples with similar concen
tions of P, O, and C atoms were studied as well. The sam
were irradiated at room temperature with 4 MeV electrons
g rays from a 60Co source. The sample surfaces we
cleaned after the irradiation and Schottky barriers were f
ricated by thermal evaporation of Au. Electronic levels we
characterized with conventional DLTS and high-resolut
Laplace DLTS~LDLTS! techniques.20 Isochronal annealing
of the irradiated samples was carried out in the tempera
range 100–400 °C with 25 °C increments for 30 min at ea
step.

III. EXPERIMENTAL RESULTS

It should be noted that in some of the SiGe crystals u
in the present study, grown-in defects with energy levels
the range of@Ec2(0.12–0.16)# eV were observed~Fig. 1!.
The concentration of these defects did not exceed
31012 cm23. The grown-in traps are likely to be donors
they exhibited electric-field-enhanced emission. Th
grown-in traps might be associated with oxygen-related th
mal donors,21,22 but further studies are required to identi
their nature properly. The traps can be easily removed
heat treatments in the temperature range 600–700 °C.
have also found that heat treatments in this tempera
range are effective for removing hydrogen impurity ato
which were introduced into SiGe during growth or waf
processing. Hydrogen atoms can interact with radiati
induced defects complicating interpretation of defe
impurity interactions in irradiated SiGe crystals. Therefo
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some of the samples were subjected to heat treatments i
range of 600–700 °C for 30 min before irradiation in ord
to remove hydrogen and grown-in defects.

Figure 1 shows conventional DLTS spectra for a Cz
chralski grown Si0.985Ge0.015crystal in as-grown state, after
heat treatment at 650 °C for 30 min and after following ele
tron irradiation. The irradiation resulted in the introductio
of a number of deep level traps into SiGe samples. Qua
tively, the DLTS spectra of irradiated SiGe crystals we
similar to those of Ge-free Cz-Si crystals, but the DLT
peaks in SiGe were broader, less intense, and shifted on
temperature scale compared to the corresponding peaks
We have assigned a dominant radiation-induced DLTS p
with maximum in the temperature range 90–110 K to t
vacancy-oxygen complex in SiGe crystals. Detailed ar
ments for such assignment were presented in Ref. 11.

Figure 2 shows dependencies of theA-center-related
DLTS peak maximum temperature (Tm) andTm-normalized
peak half width (W1/2/Tm) on alloy composition. The depen
dencies can be approximated by linear functions within

FIG. 1. DLTS spectra for samples from a Si0.985Ge0.015 crystal:
1—as-grown; 2—after a heat treatment~HT! at 650 °C for 30 min;
3—after an HT at 650 °C for 30 min and following electron irr
diation. Irradiation dose was 531014 cm22. Measurement param
eters are presented in the figure.

FIG. 2. Dependencies of~1! DLTS peak maximum temperatur
(Tm) for the VO acceptor level andTm-normalized DLTS peak half
width (W1/2/Tm) for ~2! the VO acceptor level, and~3! the Ci-Oi

donor level on Ge content in Si12xGex alloys. The data were re
corded for a rate window of 200 s21.
8-2
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alloy range studied. DLTS peak broadening is a well-kno
effect for deep levels in semiconductor alloys and is rela
mainly to compositional fluctuations of the atomic arrang
ment surrounding each individual defect.23–27 Such fluctua-
tions may induce a distribution in defect-related energy l
els in alloys. The energy distribution depends on the deg
of localization of the appropriate wave function and on t
sensitivity of defect-induced energy levels to changes in
sitions and nature of surrounding lattice atoms. As an
ample, Fig. 2 shows that alloy-related broadening of
DLTS peak associated to the acceptor level of the vacan
oxygen center is greater than that for the donor level of
terstitial carbon-interstitial oxygen complex (CiOi).

28 As a
result of the level energy distribution, capacitance transie
associated with carrier emission from defects in alloys
nonexponential. More sophisticated treatment of conv
tional DLTS spectra is usually necessary to obtain corr
information on defect parameters and concentrations in a
materials, but for diluted alloys reliable data on carrier em
sion rates can be deduced from the conventional ‘‘temp
ture of a DLTS peak maximum’’ analysis.23,24

The resolution of conventional DLTS is rarely sufficie
to separate signals from individual defect configurations
alloys. It was shown recently that the application of Lapla
DLTS technique, in some cases, allows the most abun
atomic configurations of a point defect in alloys to
resolved.25,26 We have therefore used Laplace DLTS tec
nique to obtain information about the atomic configuratio
of the vacancy-oxygen complex in SiGe alloys. Figure
shows Laplace DLTS spectra for electron-irradiated S
samples. For the sake of clarity the spectra are plotted w
emission activation energy on the horizontal axis instead
the conventional emission rate scale. This transformation
been done on the basis of the well-known equation for car
emission rate:

en5sn Nc^v t&exp~DSn /kT!exp~2DHn /kT!

5A T2exp~2DEn /kT!,

FIG. 3. Laplace DLTS spectra for electron-irradiat
Czochralski-grown Si12xGex crystals with different Ge content,x
~at. %!: ~1! 0.0 at. %,~2! 2.0 at. %,~3! 2.6 at. %, and~4! 5.2 at. %.
Irradiation dose was 831014 cm22. The spectra were taken at tem
peratures~1! 105 K, ~2! 105 K, ~3! 106 K, and~4! 114 K.
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with the usual meaning of parameters.29 Application of this
equation to the transformation of the emission rate scale
the energy scale for different samples will be correct only
the value of preexponential factorA is the same for the dif-
ferent samples. It was shown in our previous work that c
ture cross section and entropy of electron emission for
acceptor level of the VO complex do not depend sign
cantly on Ge content for smallx.11 This finding justifies the
above procedure of the horizontal scale transformation
Laplace DLTS spectra for SiGe samples.

The LDLTS spectrum of a Ge-free Si sample consists
one sharp dominant line. This indicates a monoexponen
transient related to a single well-defined energy level. In
Laplace DLTS spectra of SiGe samples, dominant lines
much broader with some satellite features on both sides.
dominant lines shift to higher energy with the increase in
content. The shifts are consistent with those obtained fr
the ‘‘temperature of a DLTS peak maximum’’ analysis
conventional DLTS spectra.11 A well separated~about 0.013
to 0.017 eV! satellite line occurs on the low-energy side
the dominant lines for all SiGe samples. For LDLTS spec
the area under a peak is proportional to the concentratio
the corresponding defect. In order to compare relative c
centrations of satellite features in SiGe crystals with differ
Ge content, all the spectra in Fig. 3 were normalized to
same total area/concentration. The ratio of the area of
low-energy satellite line to the total area increases from 4.
to 10.8% with the increase in Ge content from 2 to 5.5 at.
This indicates the involvement of Ge atoms in the defects
is this perturbation which is responsible for the low-ener
satellite line. It was argued in Ref. 11 that the concentrat
of VO complexes having a Ge atom in the first neare
neighbor shell should be small in irradiated Si12xGex crys-
tals with x,0.06. Taking into account those arguments a
anticipating the results reported below on the identificat
of a VO-Ge complex with a Ge atom in the first neare
neighbor shell, we assign the low-energy satellite feature
VO centers perturbed by Ge atoms in the second-neigh
shell.

Figure 4 shows the development of conventional DL

FIG. 4. Development of DLTS spectra for~a! a Ge-free Si
sample and~b! an electron-irradiated Si0.985Ge0.015sample upon 30-
min isochronal annealing with temperature increments of 25
The spectra were measured after anneals at~1! 200°C, ~2! 250°C,
~3! 300°C, ~4! 350°C, and~5! 400°C. Measurement settings we
as in Fig. 1.
8-3
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spectra in the range of theA-center-related peak for a Ge-fre
Si sample and a Si0.985Ge0.015 sample upon isochronal an
nealing in the temperature range of 200–400 °C. The p
cesses of theA-center elimination differ significantly in thes
samples. VO centers in the Ge-free sample anneal out u
heat treatments in the range of 300–400 °C without the
pearance of other electrically active defects with compara
concentrations. In the Si0.985Ge0.015 sample, the VO-related
DLTS peak started to decrease upon annealing at temp
tures higher than 200 °C. The decrease in the concentra
of A centers upon heat treatments in the range
200–275 °C was accompanied by a simultaneous appear
of another DLTS peak with a maximum at higher tempe
tures compared to that for the original VO-related pe
Analysis showed an approximate 1 to 1 anticorrelation
changes of magnitude of the annihilated and newly form
DLTS peaks. Upon annealing in the temperature range
300–325 °C only small variations in intensity of both pea
were observed~Fig. 5!. Both peaks disappeared simult
neously upon further annealing at temperatures higher
350 °C. Figure 6 shows Arrhenius plots ofT2-corrected elec-
tron emission rates from dominant traps responsible for
DLTS peaks, which were observed in a Si0.985Ge0.015 sample
after annealing at 300 °C. The ionization enthalpy of t
trap, which appeared upon annealing, is about 25 m
higher compared to the value of ionization enthalpy for
original trap. Similar transformations of theA-center-related
DLTS peak occurred upon isochronal annealing in
electron-irradiated Si12xGex samples (0.015<x<0.055),
which were studied~Fig. 7!.

In the Laplace DLTS spectra, an increasing number
components have been observed upon isochronal anne
of irradiated SiGe samples. The increase in the numbe
components results in a decrease in the reliability of LDL
analysis. So, the results of isochronal annealing study
based mainly on the analysis of conventional DLTS spec

Our results on theA-center elimination in Ge-free Cz-S
samples are consistent with published results.30–32 It is
thought that the main mechanism of disappearance of thA
center in Cz-Si samples upon heat treatments in the temp

FIG. 5. Development of DLTS spectra for an electron-irradia
Si0.985Ge0.015 sample upon 30-min isochronal annealing with te
perature increments of 25 °C. The spectra were measured afte
neals at~1! 275°C, ~2! 300°C, ~3! 325°C, and~4! 350°C. Mea-
surement settings were as in Fig. 1.
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ture range of 300–400 °C is associated with VO migrat
and its interaction with interstitial oxygen atoms. This lea
to the formation of a complex, which consists of two oxyg
atoms in a vacancy (VO2). The VO2 complex is electrically
inert and does not introduce any energy levels into the b
gap.4,33

The above results onA-center elimination in electron
irradiated SiGe samples are consistent with the results
infrared absorption measurements, where upon isochr
annealing of irradiated Si12xGex samples (x,0.15) a trans-
formation of VO complexes, which are responsible for
LVM line at 830 cm21, to other centers with LVM lines a
834.6 and 839.2 cm21 was observed.10 It was suggested in
Ref. 10 that Ge atoms could be effective traps for migrat
VO centers and the observed LVM’s at 834.6 a
839.2 cm21 were associated with VO centers perturbed
Ge atoms in the nearest-neighbor shells. It is reasonabl
suggest that the DLTS peak with maximum at about 110–
K ~see Figs. 4, 5, and 7!, which appeared upon isochron

d
-
an-

FIG. 6. Arrhenius plots ofT2-corrected electron emission rat
from two dominant traps in an electron-irradiated Si0.985Ge0.015

sample, which was annealed at 300 °C. Data~1! corresponds to a
trap responsible for a peak with maximum at about 100 K in DL
spectra of Fig. 5 and data~2! to a trap responsible for a peak wit
maximum at about 110 K in DLTS spectra of Fig. 5. The data w
obtained from deconvolution of conventional DLTS spectra and
plication of the ‘‘temperature of a DLTS peak maximum’’ analys

FIG. 7. DLTS spectra for electron-irradiated Si12xGex samples
with x values of~1! 20.015 and~2! 20.026. The samples have bee
annealed after irradiation~1! for 30 min at 300 °C and~2! for 90
min at 225 °C. Measurement settings were as in Fig. 1.
8-4
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annealing of irradiated SiGe samples, is also related to
VO centers perturbed by Ge atoms in the nearest-neigh
shell.

Comparable concentrations of the two DLTS peaks a
anneals in the temperature range 300–350 °C~Fig. 5! sug-
gest that the value of binding energy of VO-Ge complex
not high and dynamic equilibrium between VO-Ge co
plexes and separated VO and Ges centers occurs in this tem
perature range. It is possible to roughly estimate the bind
energy of the VO-Ge complexes taking into account clo
concentrations of Ge bound and separated VO complexe
the temperature range 300–325 °C. We have carried o
simple analysis considering only one type of Ge-bound
complexes. All other configurations are treated as separ
ones. This can be justified by the fact that in conventio
DLTS spectra signals from the VO complexes with a
atom in the second-nearest-neighbor shell and with more
mote Ge atoms cannot be separated and are treated a
DLTS signal. Dissociation of VO complexes followed b
formation of other defects is neglected due to the fact t
changes in magnitudes of the appropriate DLTS peaks
small in the temperature range 300–325 °C.

The formation and dissociation of the bound VO-Ge co
plexes can be described then by the following reaction
kinetic equations:

VO1Ge⇔VO-Ge, ~1!

and

dNVO-Ge

dt
5kfNVONGe2kdNVO-Ge,

where kf and kd are the rate constants for formation a
dissociation,NVO , NGe, and NVO-Ge are the concentration
of the appropriate defects. The rate constants for the for
tion and dissociation can be expressed as34

kf54pr cDVO ,

kd5kf

gGegVO

gVO-Ge

1

V
expS 2

Eb

kTD ,

wherer c is the capture radius of a mobile VO center by a
atom,DVO is the diffusion coefficient of the vacancy-oxyge
complex,gVO , gGe, andgVO-Ge are the numbers of possibl
minimum-energy positions for an appropriate defect in e
unit cell of volumeV, of the silicon lattice;Eb is the binding
energy of the VO-Ge complex. If only reaction 1 occu
upon annealing, the total concentration ofA centersNSVO
should be constant, i.e.,NVO-Ge1NVO5NSVO , and the equi-
librium concentration of VO-Ge complexes can be describ
by a following equation:35

NVO-Ge
eq 5

NGeNSVO

NGe1
gVO

gVO-Ge
NsexpS 2

Eb

kTD , ~2!

whereNs is the number of substitutional sites per unit vo
ume in silicon (Ns5531022 cm23) respectively.
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Dependencies of normalized equilibrium VO-Ge fracti
(NVO-Ge

eq /NSVO) versus temperature calculated in accordan
with Eq. ~2! for different values of binding energy are pre
sented in Fig. 8. The Ge concentration was taken asNGe
57.531020 cm23 and gVO /gVO-Ge50.5.36 Points in Fig. 8
represent experimental values of normalized equilibri
VO-Ge fraction derived from the analysis of the DLTS spe
tra shown in Fig. 5. The value of binding energy of abo
0.18 eV is consistent with the close fractions of Ge-bou
and separated VO centers in the temperature ra
300–325 °C for a Si0.985Ge0.015 sample. Binding-energy val
ues in the range of 0.15–0.20 eV have been obtained f
the analysis of isochronal annealing-induced transformati
of the VO-related DLTS peak in four Si12xGex samples with
Ge content 1.5 and 2.5 at. %. It should be noted, howe
that more precise determination of the binding energy
VO-Ge complex requires a study of kinetics of transform
tions of the VO centers upon isothermal annealing of irra
ated SiGe samples with different Ge content. Such a stud
in progress now. This allows us also to investigate the eff
of Ge content on the diffusivity of the VO center.

IV. THEORETICAL MODELING

We use anab initio density-functional code37 ~AIMPRO!,
along with the parametrization for the local-exchange cor
lation by Perdew and Wang.38 Norm-conserving pseudopo
tentials by Bachelet, Hammann, and Schlu¨ter are
employed,39 and Cartesian-Gaussians-, p-, andd-type basis
functions are placed on each atom. Basis sets for Si, Ge,
O are (4,4,2), (4,4,2), and (6,6,3), with the triple
(ns ,np ,nd) representing the minimum number ofs-, p-, and
d-like functions, respectively. The charge density and pot
tial terms are expanded in plane waves with energy of 1
Ry. Defects were placed in large cubic supercells with 216
atoms, and the Brillouin zone was sampled with eig
Monkhorst-Packk points,40 referred to as MP-23 specialk

FIG. 8. Temperature dependencies of the equilibrium fraction
bound VO-Ge complexes in a SiGe crystal for different values
the VO-Ge binding energy 1—0.15 eV, 2—0.176 eV, 3—0.20 e
and 4—0.25 eV. The dependencies were calculated in accord
with Eq. ~2! for NGe57.531020 cm23 andgVO /gVO-Ge50.5. Open
circles represent values of ratio of the magnitude of the DLTS p
with maximum at about 110 K to the sum of magnitudes of t
peak and the one with maximum at about 100 K in Figs. 4 and
8-5
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V. P. MARKEVICH et al. PHYSICAL REVIEW B 69, 125218 ~2004!
point set. For thisk-point sampling level and basis, we ob
tained converged results, with energy differences~electrical
levels, binding energies, etc.!, differing by less than 0.1 eV
from those usingG and a larger basis.

Optimized exponents associated with the basis functi
were found using bulk Si, Ge, and SiO2 with experimental
lattice parameters. Relaxing the cells with the optimized
sis gavea055.388 Å (a055.623 Å) for Si~Ge!. The Mur-
naghan equation of state,41

P5
B

B8
F S V0

V D B8
21G ,

can then be used to determine the bulk modulus. This g
B598 and 74 GPa for Si and Ge, respectively. These va
are similar to earlier calculations using a different basis4 and
agree well with the measured valuesa055.431 Å (a0
55.658 Å) and bulk modulus B597.9 GPa (B
577.2 GPa), for Si~Ge!, respectively.42,43

The basis set for oxygen was found in aa-quartz crystal.
The equilibrium crystalline structure was found by relaxi
the atomic coordinates as well as the lattice vectors. Du
the later process a conjugate gradient algorithm was u
with all atoms locked to their internal coordinates. Atom
and lattice relaxation were performed sequentially until
energy change was negligible. The equilibrium lattice para
eters for SiO2 were found to be a54.902 Å and c
55.395 Å. These agree well with the measureda
54.9136 Å and c55.4051 Å.44 According to the Mur-
naghan equation of state,B540 GPa andB857, reproduc-
ing well the measuredB537.1 GPa andB856.0.45

The electrical activity of VO defects is of primary intere
here. The energy levels of the defects were found using
marker method.46,47Accordingly, the (2/0) level of a defect
relative to the (2/0) level of amarkeris calculated using the
same calculational parameters. In other terms, we com
electron affinities Am5Em(0)2Em(2) and Ad5Ed(0)
2Ed(2) of supercells containing the marker and the def
of interest, respectively. The differenceAd2Am is then offset
to the experimental location of the acceptor state of
marker. The marker defect should possess a well establi
(2/0) level in the gap, and its acceptor wave function sho
ideally have the same symmetry and range as that of
defect under investigation. In the present work we are in
ested in the VO defect in Si possessing a neighboring s
stitutional Ge atom. The VO complex in Si, possessing
acceptor state at (Ec20.17) eV,2 is the obvious choice for
the marker.

A. Modeling the alloy

The procedure described above yields a defect le
which is independent of the Ge concentrationx. However,
the lattice parameter increases withx and this by itself can
influence the level position.48

X-ray measurements reveal that the changes of the la
parameter with Ge concentrationx obeys Vegard’s law

da5a2aSi5~aGe2aSi! x. ~3!
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This does not, however, imply that the average Si-Si, Si-
and Ge-Ge bond lengths scale in the same way. Accordin
x-ray absorption fine structure~XAFS! measurements, al
though the average Si-Ge and Ge-Ge bonds change in a
ear way, the gradients are much smaller than expected f
using Eq.~3!.49,50 To see the effect of this, we compare th
measured asymmetric stretch mode of Oi in SiGe alloys13

(0.0,x,0.77) with that in Si under hydrostatic pressure51

The pressure induced shift of the mode has been measur
D522.3 cm21GPa21, whereas its variation with Ge con
tent x in SiGe alloys is about218x cm21. If the lattice
parametera varies according to Vegard’s law above, we co
clude that the218x cm21 shift rate in SiGe alloys corre
spondsD521.41 cm21GPa21. This is about half of that
found in the hydrostatic pressure measurements. The ex
nation is that the Si-Si bond length change is much less t
that of the lattice parameter and this is supported by previ
modeling studies.52,53 We checked this result by finding th
change in lattice parameter and average Si-Si bond lengt
cells containing 0, 1, and 7 well separated Ge substitutio
atoms in Si216Ge0 , Si215Ge1, and Si209Ge7 supercells. We
find, that the change in lattice parameter in these orde
alloys is da5(0.2560.05)x Å which is close to Vegard’s
law given above whereda is 0.21x Å. However, the change
in average Si-Si bond length isdr 5(0.06260.006)x Å
which is considerably less than that found by scaling
lattice parameter change.

If the VO defects are remote from Ge atoms, the variat
of the (2/0) level with Ge concentration can be found b
assuming that the average Si-Si bond length in a large
varies as 0.062x and such a variation arises if we place t
defect in a Si cell with a lattice parameter given by~in Å)

da54dr /A350.143x. ~4!

The assumption here is that the bond angle variation a
sites remote from Ge is unimportant.

All the atoms in Si supercells with the above lattice co
stants, and containing a VO defect, are fully relaxed, a
their electron affinities compared with those of the interstit
carbon defect (Ci) found in similar cell with the same lattice
constant. Ci is now chosen as the marker because the va
tion of the Ci(2/0) level has been measured for 0<x
<0.5.54,55 The continuous variation in the Ci level with x
implies that this defect does not possess Ge atoms within
core.

This approach ignores the effect of Ge atoms on the b
structure over and above the effect of a Si-Si bond len
change. Clearly, one effect of this is to correct the latt
parameter. To take this effect into account, we insert VO a
Ci defects in the Si215Ge1 and Si209Ge7 supercells described
above whose volumes had been previously relaxed. The
tice parameters are then almost given by Vegard’s law. T
(2/0) level of VO was then obtained and compared with t
level found in the same sized cell, with the same Ge ato
and containing Ci .

The Mulliken bond populations of gap states were fou
using MP-23 k-point sampling. The populations describe t
localization of gap states as discussed previously.56
8-6
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The oxygen related local vibrational mode frequencies
VO complexes in Si and Si12xGex alloys were also investi-
gated. Second derivatives of the energy were evaluated
displacing atoms forming the Si-O-Si unit along all six Ca
tesian coordinates.57 The contribution from more remote a
oms was taken into account by using a Musgrave-Pople
teratomic potential derived earlier.58

B. Defect structure

VO defects containing a core Ge atom~one of the neigh-
bors or next neighbors of the vacancy! are referred to as
VO-Ge complexes. The structures investigated are show
Fig. 9. These VO-Ge complexes are labeled with letters fr
a to c anda8 to c8, representing sites for Ge substitution. F
example, a VO defect with a Ge atom on siteb8 will be
referred as VO-Geb8 .

First we study VO-Ge complexes in bulk Si using t
bulk Si lattice parameter. Relative energies of neutral a
negatively charged defects@Er(0) andEr(2), respectively#
are shown in Table I. Two main factors determine the sta
ity of these complexes. These are~i! the existence of sites in
the open part of the lattice which can accommodate a la
Ge atom and~ii ! bonding effects due to the Ge-O chemist
The first is more relevant in VO-Gea8 or in VO-Geb and

FIG. 9. Structure of the VO complex in silicon. The VO-G
complexes considered here result from substituting first- or sec
neighboring Si atoms by Ge. These structures are labeled with
ters froma to c anda8 to c8.

TABLE I. Relative energies of neutral and negative defe
@Er(0) and Er(2), respectively#, structural details~bond lengths
for neutral defects!, binding energies (Eb), and acceptor level loca
tion @Ec2E(2/0)#, for the several VO-Ge complexes. All energi
and bond lengths are given in eV and Å, respectively. Labelin
according to Fig. 9.X-O (Si-X) stands for Si-O~Si-Si reconstruc-
tion! distance except for VO-Gea (VO-Gea8) where it stands for
Ge-O ~Si-Ge reconstruction! distance, respectively.

Structure a b c a8 b8 c8

Er(0) 0.733 0.117 0.196 0.000 0.098 0.20
Er(2) 0.839 0.166 0.245 0.000 0.189 0.264
X-O 1.912 1.685 1.692 1.687 1.689 1.68
O-Si 1.686 1.683 1.688 1.687 1.689 1.68
Si-X 2.979 3.049 3.070 3.056 2.896 3.038
Eb 20.54 0.07 20.01 0.19 0.09 20.01
Ec2E(2/0) 0.09 0.14 0.14 0.19 0.10 0.13
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VO-Geb8 . Sitesb andb8 lie in expanded Si-110 chains, an
this is due to the tensile character of the Si-O-Si unit a
Si-Si reconstruction. Finally, VO-Gec and VO-Gec8 have no
apparent reason for having a strong binding energy and
are somewhat closer to the isolated VO complex in Si.
note that all complexes without a Ge-O bond possess
Si-Ge bonds.

Table I also gives structural details and binding energ
of VO-Ge complexes. The binding energies reflect the
ergy released following a VO1Ges→VO-Ge reaction. They
are found by calculating the energies of neutral VO and Gs
defects in separate supercells. From Table I we conclude
the formation of VO-Gea is energetically unlikely as the
binding energy is negative. This is supported by the mu
lower formation enthalpy of SiO2 (a-quartz!, DH f

0

52910.7 kJ/mol, than that of GeO2 at 2580.0 kJ/mol of
GeO2 ~rutile!.44 Thus we argue that in VO-Ge the formatio
of the Si-O-Si bridge is strongly favored over a direct G
O-Si unit due to bond energetics.

As stated above, sitesb and b8 give low-energy meta-
stable structures, whereas VO-Gea8 represents the mos
stable state. The available free space accommodating sita8
is responsible for the stability of the complex. Note that G
makes three Ge-Si bonds of length;2.4 Å and a long
;3.0 Å Si-Ge reconstruction bond. These lengths are to
compared with the 2.369 Å Si-Ge bond length in substi
tional Ge and with the 3.094 Å for the Si-Si reconstruction
the VO complex in Si. Structuresc andc8 are not bound~or
are marginally bound! since the Ge atom is now close to th
@001# symmetry axis of VO, and it is known that the defe
is compressive along this axis.2,4

The low binding energies ofa8, b, andb8 are in line with
the results of both electrical and Fourier transform infrar
~FTIR! measurements.10 Moreover, the 0.19 eV binding en
ergy of VO-Gea8 is in excellent agreement with the 0.15
0.20 eV found experimentally for the VO-Ge defect posse
ing the deepest level. Accordingly, in Si12xGex alloys and at
;250 °C, VO defects become mobile and are likely to
trapped by Ge atoms. This will lower their energy b
;0.1–0.2 eV, but at 350 °C they disappear through dis
ciation or by interaction with other defects in the alloy.

C. Energy levels of VO-Ge defects

In Table I we also report the calculated acceptor levels
the several VO-Ge defects. These were obtained by u
VO in Si as marker using the bulk Si lattice parameter. A
stable VO-Ge complexes produce an acceptor state
close to that of VO, but only VO-Gea8 has a deeper level
i.e., 20 meV deeper than VO(2/0). Although the method
usually is affected by errors of about 0.2 eV, when t
marker and defect being studied produce similar gap st
the errors may decrease below 0.1 eV.47 Therefore, and con-
sidering that thea8 structure is energetically favored, w
assign the deepest VO-Ge electron trap@25 meV deeper than
VO(2/0)], to VO-Gea8 . We note that VO-Geb and VO-Geb8
have shallower acceptor levels@about 30 and 70 meV abov
VO(2/0)]. Considering that these structures possess a p

d-
t-

s
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tive binding energy, they are assigned to the shallow
VO-Ge trap@about 15 meV above VO(2/0)].

The band structure found from supercells contain
VO-Gea8 , VO-Geb8 , and VO-Geb aresimilar to the isolated
VO defect in Si, i.e., these possess an empty band deta
from the bottom of the conduction states. This suggests
all these complexes produce close-by electrical levels wi
the gap. Figure 10~a! depicts the wave function for the high
est occupied state of the stable VO-Gea8 complex atk5G.
Clearly the wave function is slightly peaked near the
atom. The behavior of the wave function near the Si atom
almost identical to that found for VO in Si. This suggests th
the acceptor state is more localized in VO-Gea than in VO. A
Mulliken analysis of this state is almost identical f
VO-Gea8 and VO. In VO-Gea8 about 17% and 19% of the
spin density is localized on the Si and Ge atoms, resp
tively. This is to be compared with the 17% calculated
VO. The angular momentum character of the state is h
ever different. In VO-Gea8 the wave function on Ge ha
about 37% and 57% ofs andp character, whereas it is 28%
and 67%s like and p like on Si for both VO-Ge and VO
complexes. These figures are to be compared with the29Si
hyperfine data from electron paramagnetic resonance
VO2 in Si,2 which gives 18%, 40%, and 60% of localizatio
s- andp-like character at the analogous Si atom, respectiv
In summary, the acceptor state of VO-Ge is more localiz
than that of VO, and the wave function on Ge is more is
tropic than in Si.

FIG. 10. Wave function of highest occupied state of VO-Gea8 at
G plotted in the (110) plane~a!, and charge density (a.u.23) nor-
malized to the number of electrons in the supercell~b!. Si, Ge, and
O atoms are represented as closed, large open, and small
circles, respectively.
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Figure 10~b! shows the charge density on the (110) sy
metry plane of the VO-Gea8 defect. Clearly, the charge den
sity is slightly peaked on the Si atom in the reconstruc
Si-Ge bond. This mirrors the small ionic character of t
Si-Ge bond: bonding states are more localized on the ca
~Si!, and antibonding states~in this case the acceptor stat!
prefer the anion~Ge! sites. This small ionic character ca
also be found in the bonds between Ge and its neares
neighbor on the (110) plane~see Fig. 10!.

D. Effect of Si-Si bond length variation on energy level of VO

To investigate the effect of the Si-Si bond-length variati
on Ec2E(2/0), we foundAm andAd as the lattice param
eter was varied according to Eq.~4! above. As discussed in
Sec. IV, the marker was chosen to be the (2/0) level of Ci
whose variation is known for 0<x<0.5.55 From Ref. 55 we
find the variation in the level of Ci with x to be Ec
2Ci(2/0);(0.110.3x) eV.

Figure 11 shows the calculated electron affinities ofi
and VO complexes, for volume contracted and expanded
percells, as well as the equilibriuma0 of Si. The effect of the
volume expansion is to increase Ci(2/0)2VO(2/0) at an
approximate linear rate of 6.55–5.5151.04 eV/Å. Consid-
ering Eq.~4!, this rate corresponds to 0.15x eV. If we offset
this value by the measured 0.3x eV shift rate of Ci(2/0), we
end with a 0.45x eV shift rate for VO. This is very close to
the measured 0.56x eV shift rate of VO in SiGe alloys,11 and
explains the gradual increase in the ionization enthalpy
VO(2/0) as a consequence of an increase of the Ge con

The effect of adding remote and separated Ge atom
the supercell was also considered. Here we formed orde
alloys with one and seven substitutional Ge atoms, form
Si214GeO and Si208Ge7O supercells. As stated above, the r
laxed volume of these cells is close to Vegard’s law in E
~3! while the average Si-Si bond length are close to res
found in previous calculations. Electron affinities of VO u
der these conditions are plotted in Fig. 11 as open squa
Both values lie only 0.02 eV above~or 0.002 Å to the right

pen

FIG. 11. Effects of lattice-parameter change~closed symbols!
and the presence of Ge~open symbols! on the electron affinity~A!
of Ci and VO defects. Open squares~triangles! showA for VO (Ci)
in volume relaxed Si214GeO (Si215GeC) and Si208Ge7O (Si209Ge7C)
supercells.
8-8
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of! the line representing VO(2/0) and show the same vo
ume shift as in Ge free supercells. An analogous trend
obtained for Ci with Ge atoms at remote positions~open
triangles in Fig. 11!. When using the bulk Si lattice consta
to evaluate the VO(2/0) state in Si214GeO and Si208Ge7O
supercells the levels differ by only 0.01 eV. Therefore
conclude that the measured shift of the acceptor state of
with x is almost entirely due to an expansion of the Si
bond lengths in SiGe alloys at least forx,0.05.

E. LVM frequencies

Local vibrational modes for the most stablea8, b8, andb
forms are reported in Table II. These were calculated in 2
atom cells with the bulk Si lattice parameter and using
MP-23 specialk points to sample the Brillouin zone.

On the left-hand side of Table II we show LVM freque
cies for VO in Si, here chosen as a reference. In agreem
with the measurements, all defects (a8, b8, andb) give rise
to LVM frequencies above that of VO. From the FTIR me
surements we know that the 839.2-cm21 band grows at the
expense of the 834.6-cm21 band, both of them lyingabove
the main band of VO at 830 cm21.10 Therefore we assign th
839.2-cm21 band to VO-Gea8 , and the 834.6-cm21 band to
VO-Geb8 and/or VO-Geb defect forms. Despite the error a
sociated with the absolute LVM frequencies (;20 cm21)
being larger than their relative differences, this assignmen
also supported by the relative defect stability and respec
electric levels.

The variation of the Si-O-Si stretch frequency with latti
expansion has also been investigated. The shiftD of the
LVM frequency under an isotropic deformation is given
D53 BTr(A)e where the strain tensor is given bye i j
5ed i j . Here B is the bulk modulus of Si andA is the pi-
ezospectroscopic strain tensor.59 For strain values betwee
0.001 and 0.002, the 832 cm21 mode of VO shifts linearly at
a rate corresponding to Tr(A)523.1 cm21/GPa. This
means that lattice expansion (e.0) lowers the asymmetric
stretch frequency of VO. This value reproduces qualitativ
the 26.7 cm21/GPa from the dispersive IR measureme
by Bosomworth et al.,60,61 and agrees well with the
22.8 cm21/GPa arriving from a more precise FTIR data
Pajotet al.61,62 Using Eq.~4! we can convert the shift toD
5224x cm21. The shift of the 830-cm21 absorption band
in SiGe alloys~for 0.035<x<0.15) was not reported in Re
10. This range of composition corresponds to23.6<D
<20.8 cm21 but this effect may be hidden by band broa

TABLE II. Calculated asymmetric and symmetric local vibr
tional mode frequencies (va andvs , respectively! for structuresa8,
b8, and b. Experimental frequencies~Expt.! are also shown. All
values are given in cm21.

Structure VO a8 b8 b

va 832 854 852 852
vs 565 565 565 560
Expt.a 830 839.2 834.6 834.6

aReference 10.
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ening. Finally we note that using the ordered alloy meth
the 832 cm21 mode was shifted by22 and 4 cm21 for the
volume relaxed Si214GeO and Si208Ge7O supercells, respec
tively. The upward shift for Si208Ge7O is likely to be a con-
sequence of the local strain, which among other contri
tions is also responsible for the band broadening.

V. CONCLUSIONS

We have found from the DLTS studies at least three c
figurations of VO centers with distinct levels. In as-irradiat
material, one has an energy level shifted upward by abou
meV from the level of the dominant configuration. Upo
isochronal annealing in the temperature range
200–300 °C, the dominant VO defect transforms into a
other one whose level is about 25 meV deeper. The bind
energy of the deeper VO-Ge complex compared to separ
VO and Ges defects is found experimentally to be about 0.
eV.

From a theoretical point of view there are three effects
the energy levels of defects found in Si caused by alloy
with Ge. The first leads to defects having Ge atoms in th
cores, the second arises from the increase in average
bond lengths caused by the presence of remote Ge at
However, this increase is only about half that expected fr
a uniform scaling of Si bonds in a cell whose lattice para
eter obeys Vegard’s law. Thus, this effect is not numerica
identical to the effect of a hydrostatic pressure on the lat
parameter. The third effect comes from the changes to
electronic structure caused by the presence of Ge over
above the bond length changes. This effect must correct
lattice parameter.

From theab initio modeling studies we were able to in
vestigate all the effects of alloying. We found three bou
VO-Ge structures referred to asa8, b, andb8, respectively
~see Fig. 9! where Ge atoms lay at different sites within th
core of the defect. Structurea8 is the ground state, and pos
sesses a Ge atom on the first-neighboring shell of the
complex, making a direct but weak reconstructed bond w
a Si atom. Defectsb andb8 are metastable by;0.1 eV, and
Ge lies on a second-neighboring shell along tensile^110& Si
chains. Analysis of their electrical activity found accept
states close to that of VO in Si. The VO-Gea8(2/0) level is
deeper@(Ec20.19) eV#, and the gap state more localize
than that of VO. This is a consequence of the slightly ion
character of the Si-Ge reconstructed bond in VO-Gea8 . On
the other hand, the (2/0) levels of VO-Geb8 and VO-Geb are
shallower than VO(2/0). Their relative stability, binding en
ergies, and level location allows us to assign VO-Gea8 to the
electron trap 25 meV deeper than VO(2/0), and VO-Geb
and/or VO-Geb8 to the shallower precursor that appears
as-irradiated Si12xGex samples.

The second effect of alloying is illustrated by the chan
in the level of an isolated VO(2/0) defect with Si-Si bond
expansion. Here the variation in bond angles in the alloy
ignored. The third effect arises from the presence of Ge
oms within the supercell over the Si-Si bond expansi
This, as we have shown, leads to the observed latt
parameter change. We have also shown, perhaps surprisi
8-9
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V. P. MARKEVICH et al. PHYSICAL REVIEW B 69, 125218 ~2004!
that the last effect has a small influence on the VO(2/0)
level. We found that the level deepens withx at a rate of
0.45x eV and is almost entirely due to the variation in ave
age Si bond lengths. The calculated rate is in good agreem
with the measured 0.56x eV.11

The local vibrational modes of VO-Ge defects were a
investigated. For defectsa8, b8, and b we obtain antisym-
metric Si-O-Si stretch modes at 854, 852, and 852 cm21,
respectively. These lie above that of VO (832 cm21). Hence,
VO-Gea8 is assigned to 839.2-cm21 IR band, whereas VO-
Geb8 and/or VO-Geb are again very similar, being assigne
to the 834.6-cm21 band. The 839.2-cm21 band is known to
arise from a more stable complex,10 further supporting our
assignment.
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