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Substitutional carbon in Si12xGex

L. Hoffmann, B. Bech Nielsen, and A. Nylandsted Larsen
Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark

P. Leary and R. Jones
Department of Physics, University of Exeter, EX44QL Exeter, United Kingdom

P. R. Briddon
Department of Physics, University of Newcastle upon Tyne, Newcastle upon Tyne, NE1 7RU, United Kingdom

S. Öberg
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Local vibrational modes of carbon impurities in relaxed Si12xGex have been studied with infrared absorption
spectroscopy in the composition range 0.05<x<0.50. Carbon modes with frequencies in the range 512–600
cm21 are observed in13C1-implanted Si12xGex after annealing at 550 °C. Measurements on samples coim-
planted with12C1 and13C1 show that these modes originate from defects containing a single carbon atom and
from the variation of the mode frequencies with compositionx, the modes are assigned to substitutional carbon
in Si12xGex . Based on the frequencies obtained from a simple vibrational model, the observed modes are
assigned to specific combinations of the four Si and Ge neighbors to the carbon. The intensities of the modes
indicate that the combination of the four neighbors deviates from a random distribution.Ab initio local-density-
functional cluster theory has been applied to calculate the structure and the local mode frequencies of substi-
tutional carbon withn Ge and 42n Si neighbors in a Si and a Ge cluster. The calculated frequencies are;9%
higher than those observed, but the ordering and the splitting of the mode frequencies agree with our assign-
ments.@S0163-1829~99!01243-6#
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I. INTRODUCTION

Layers of Si12xGex grown on Si substrates have be
studied extensively due to the potential applications of ba
gap engineering and production of ultrafast electro
devices.1 A basic limitation arises from the 4% mismatc
between the Si and Ge lattice constants, which result
formation of strain-relieving misfit dislocations, when th
layer thickness exceeds a critical value, e.g.,;200 Å in
Si0.80Ge0.20 ~Ref. 2!. The strain in a Si12xGex layer can be
compensated, if C atoms are added to the alloy.3 High-
quality Si12x2yGexCy layers, several hundred nanomete
thick, have been obtained by nonequilibrium techniqu
such as molecular-beam epitaxy~MBE!,4,5 combined ion and
molecular-beam deposition,6 chemical vapor deposition,7–8

and ion implantation followed by solid-phase regrowth.9 In
these alloys, most of the C atoms are believed to be loc
at substitutional sites.3–9 Below, we use the label Cs for sub-
stitutional C. Detailed knowledge about the physical prop
ties of Cs in Si12xGex may elucidate important aspects of th
Si12x2yGexCy alloy formation. Moreover, C atoms are com
mon impurities in Si12xGex compounds. Therefore, Cs in
Si12xGex is an interesting defect. We expect that for Cs , the
C atom forms covalent bonds with its four neighbor ato
but the preferential composition of Si and Ge neighbors
unknown. In pure Si and Ge, Cs has a single three
dimensional local mode (T2) with frequency at 607 and 53
cm21, respectively.10,11 This demonstrates that the freque
cies associated with stretching of Si-C and Ge-C bonds
well separated. Hence, the frequencies of the Cs modes in
Si12xGex may distinguish the different combinations of
PRB 600163-1829/99/60~19!/13573~9!/$15.00
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and Ge neighbors. So far, only the Si-C mode at 607 cm21

has been observed in Si12x2yGexCy alloys and it remains
unknown whether Ge-C bonds are formed.3,5,6,8,9

The present paper addresses this problem. Strain-rela
Si12xGex samples implanted with C ions have been inves
gated by infrared absorption spectroscopy. Strong evide
is presented that Cs in Si12xGex may bond to Si as well as
Ge neighbors and several different neighbor combinati
are identified.

A short report on preliminary results of this paper h
been published previously by our group.12 Resently, Kulik
et al. also reported on the vibrational properties of Cs in
SiGe alloys.13 The sample production and the theoretic
analysis applied by these authors differ from the meth
used in this paper.

II. EXPERIMENTAL DETAILS

Relaxed, epitaxial Si12xGex layers with compositionsx
50.05, 0.15, 0.25, 0.35, and 0.50 were grown on Si s
strates by MBE. Samples withx.0.50 were not studied due
to the unsatisfactory crystalline quality obtained in this co
position range. The growth technique and the character
tion of the Si12xGex layers were described previously,14,15

and only a brief account is given here. First, a 1-mm Si layer
was grown on a high-resistivity, float-zone, singl
crystalline, ^100& Si wafer. On top of this layer, a grade
SiGe buffer layer was grown with a grading rate of 10 at.
Ge/mm. Finally, a 4mm-thick Si12xGex top layer of uniform
13 573 ©1999 The American Physical Society
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composition x was grown. Transmission electron micro
copy, photoluminescence, atomic force microscopy, and
channeling measurements confirmed the high-crystal
quality of the Si12xGex top layer.14,15 Samples with typical
dimensions of;83830.5 mm3 were cut from the wafers
and the 838 mm2 backside surface of the Si substrate w
mechanically polished to ensure large transmission of in
red light.

In most cases, the Si12xGex layers were implanted with
13C1 ions. For the12C isotope, the relevant infrared absor
tion lines fall in the same frequency band as the most do
nant multiphonon absorption from the Si substrate. For
13C isotope, the corresponding lines fall at lower frequenc
where the background absorption is reduced significan
Therefore, the13C isotope has been applied in this pap
The implantation was carried out at 17 different energies
a sequence starting at 450 keV and going down to 50 keV
steps of 25 keV. The dose implanted at each energy
adjusted to yield a nearly uniform C concentration of
31020cm23 in the range from 0.1 to 1.0mm below the sur-
face of the sample. A few samples were coimplanted w
12C1 and 13C1 into overlapping profiles with 131020cm23

of each isotope. The implantation was carried out at ro
temperature and at a background pressure of 531027 torr.
The normal of the 838 mm2 surfaces was tilted 7° off the
direction of the C1 beam to reduce channeling effects duri
implantation. Furthermore, the beam was swept horizont
and vertically across the sample to ensure a homogen
lateral distribution of implants. The sample holder was el
trically insulated from the vacuum chamber, and the i
planted dose was determined directly from integration of
current to the sample. Emission of secondary electrons
suppressed by a negative potential supplied to a shield
rounding the sample.

The infrared absorption spectrum of each sample was
corded after each step in a series of isochronal heat tr
ments~annealings!. Each annealing was performed in a fu
nace continuously flowed with nitrogengas. The duration
each annealing was 20 min and during this time the temp
ture was stable to within62 °C. The first annealing wa
carried out at 300 °C, and in each subsequent step the
perature was increased by 50 °C. Prior to each annealing
before each measurement, all samples were etched in
hydroflouricacid to remove surface oxides.

The infrared absorbance spectra were recorded wit
Nicolet, System 800, Fourier-transform spectrome
equipped with a closed cycle helium cryostat with CsI w
dows. The measurements were carried out at 9 K with an
apodized resolution of 3.4 cm21 in the spectral range from
400 to 4000 cm21. We used a Ge-KBr beamsplitter, a glob
light source, and a Mercury-Cadmium-Telluride detect
Absorbance spectra measured on nonimplanted Si12xGex
samples were subtracted from all spectra recorded on
implanted samples.

III. VIBRATIONAL PROPERTIES OF C s IN Si12xGex

A. Frequencies of local modes

In order to guide the assignment of the observed lo
vibrational modes to Cs , we now discuss the expected vibr
tional properties of this defect in Si12xGex . Because we are
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interested only in local modes, the Cs defect is described as
five atom molecule, with a central C atom and four tetrah
drally coordinated Si and Ge atoms, labeledY1 , Y2 , Y3 , and
Y4 in Fig. 1. It is assumed that the positions of the fo
neighbor atoms do not depend on the detailed distribution
Si and Ge atoms in the surrounding lattice. However,
expect that the many different configurations of the s
rounding lattice show up as a broadening of the absorp
lines associated with the local vibrational modes of Cs .

The bend modes of the five-atom molecule invol
mainly Si and Ge atoms. Consequently, these modes
have low frequencies and be delocalized due to strong c
pling with the lattice phonons. The stretching modes w
have higher frequencies and be approximately decoup
from the other modes. We assume that the valence-fo
approximation16 is valid and express the potential ener
term for the stretch mode vibrations as

V51/2(
i 51

4

f Yi
r i

2, ~1!

wherer i is the extension coordinate of theYi-C bond indi-
cated in Fig. 1 andf Y i is the effective force constant of th
Yi-C bond. There are five different configurations of near
neighbors, which we denote Si42nGen :C (0<n<4). For a
given configuration, the 42n Si-C bonds are equivalent an
the same applies for then Ge-C bonds. Therefore, only tw
force constantsf s ~Si-C bonds! and f g ~Ge-C bonds! are
needed for a given configuration. With standard technique16

the frequencies of Si42nGen :C can be calculated and ex
pressed as functions off s , f g , and the atomic masses. Th
results are summarized in Table I. As can be seen from
table, the five configurations give rise to a total of nine
modes. The number of modes for each configuration is ea
found from group theory Si4Ge0:C and Si0Ge4:C have
Td-point group and possess a single three-dimensiona
mode, denotedT2 in accordance with the irreducible repre
sentation describing its symmetry properties. The configu
tions with C3v symmetry, Si3Ge1:C and Si1Ge3:C, have a
two-dimensionalE mode and a nondegenerateA1 mode. Fi-
nally, Si2Ge2:C hasC2v symmetry, which results in three
nondegenerate modes, denotedB1 , B2 , andA1 .

At a first glance, some of the frequencies in Table I a
pear identical. However,f s and f g depend on the length o
the Si-C and Ge-C bonds, which depend on the configura
as well as the compositionx of the Si12xGex sample. In the

FIG. 1. Molecular model of Cs bound to four lattice atomsYi ,
whereYi is Si or Ge. The displacement coordinatesr i associated
with stretching of theYi-C bonds are sketched.
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TABLE I. The square of the local mode frequencies of Cs for all configurations of Si42nGen :C.

Config. Mode v2

Si4Ge0:C T2 S 4

3mc
1

1

ms
Dfs

Si3Ge1:C A1 1

2 HS 1

3mc
1

1

ms
Dfs1S 1

mc
1

1

mg
Dfg

1AF S 1

3mc
1

1

ms
D f s2S 1

mc
1

1

mg
D f gG2

1
4

3mc
2 f sf gJ

E S 4

3mc
1

1

ms
Dfs

Si2Ge2:C A1 1

2 HS 2

3mc
1

1

ms
Dfs1S 2

3mc
1

1

mg
Dfg

1AF S 2

3mc
1

1

ms
D f s2S 2

3mc
1

1

mg
D f gG2

1
16

9mc
2 f sf gJ

B1 S 4

3mc
1

1

ms
Dfs

B2 S 4

3mc
1

1

mg
Dfg

Si1Ge3:C A1 1

2 HS 1

3mc
1

1

mg
Dfg1S 1

mc
1

1

ms
Dfs

1AF S 1

3mc
1

1

mg
D f g2S 1

mc
1

1

ms
D f sG2

1
4

3mc
2 f sf gJ

E S 4

3mc
1

1

mg
Dfg

Si0Ge4:C T2 S 4

3mc
1

1

mg
Dfg
th
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appendix, it is described how the values off s and f g may be
estimated. For the configuration Si42nGen :C the result is

f s5 f s
0F12

2aDb

RSi-C
0

f g
0~4x2n!

~42n! f g
01n fs

0G ~2!

f g5 f g
0F12

2aDb

RGe-C
0

f s
0~4x2n!

~42n! f g
01n fs

0G ~3!

where f s
059.235 eV Å22 is the value off s for Si4Ge0:C in

pure Si andRSi-C
0 51.962 Å is the corresponding bondleng

~see Sec. V!. Likewise, f g
058.302 eV Å22 is the value off g

for Si0Ge4:C in pure Ge andRGe-C
0 52.035 Å is the corre-

sponding bondlength. Finally,aDb is a factor with dimen-
sion of length. The value ofaDb has been adjusted to obta
frequency variations withx in reasonable agreement with th
observations described below. The best agreement is
tained withaDb50.16 Å, and this value is used throughou
With the expression given in Table I and Eqs.~2!–~3!, the
frequencies for all configurations Si42nGen :C can be esti-
mated at any value ofx.

At this point we mention that Kuliket al.13 resently cal-
culated local mode frequencies of Si42nGen :C in Si12xGex ,
b-

using an anharmonic Keating model. The results obtained
these authors qualitatively agree with our findings.

B. Intensities of local modes

To estimate the population of each configurati
Si42nGen :C from the observed spectra, we need to elabor
further on the model described above. We assume that
dipole moment induced by the stretching of a bond is para
to the bond and that the total dipole moment of Cs can be
calculated as the sum of the dipole moments of the f
bonds. To first order in the displacement coordinatesr i( i
51,2,3,4), the dipole momentd is then given by

d5d01(
i 51

4

eir i n̂i , ~4!

whered0 is the permanent dipole moment,ei is the deriva-
tive of the dipole moment with respect tor i , which we de-
note the effective charge of theY-C bond, andn̂i is a unit
vector pointing from thei th neighbor atomYi towards C~see
Fig. 1!. For a given configuration the effective chargees(n)
@or eg(n)# is the same for all Si-C~or Ge-C! bonds since
they are equivalent. The integrated absorption coefficient~in-
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13 576 PRB 60L. HOFFMANN et al.
tensity! of the local modeG associated with the configuratio
Si42nGen :C may be expressed as16

I G~n!5
2p2Ntot

3nRc
p~n!mG~n!2. ~5!

Ntot is the total concentration of Cs , p(n) is the fraction of
complexes with configuration Si42nGen , nR is the refractive
index, andc is the velocity of light. The parametermG(n) is
given by

mG~n!25 (
a51

mG S ]d

]QGa
D 2

, ~6!

where$QGa% is the set of normal coordinates associated w
the normal modeG, andmG is the dimension of the mode
The parametermG(n) is a function~quadratic form! of the
effective chargeses(n) and eg(n), which are unknown. In
addition,Ntot is not known in our samples. Hence, we cann
obtain p(n) by inserting the measured value ofI G(n) into
Eqs.~5!–~6!. However, for a given compositionx, the value
of p(n)es(n)2 normalized to p(0)es(0)2 can for n
P$0,1,2,3% be determined from the formula

@p~n!es~n!2# rel[
p~n!es~n!2

p~0!es~0!2 5
I G~n!

I T2
~0!

FmT2
~0!es~n!

es~0!mG~n!
G2

.

~7!

For nP$1,2,3% the value ofmG(n)/es(n) depends for some
modes on the ratioeg(n)/es(n), which can be obtained from
the intensity ratio between two different modes of the sa
configuration Si42nGen:C.

As discussed above, the Si-C and Ge-C bondlengths
with changes inx and from one configuration to anothe
Because the first derivative of the bond-dipole moment m
depend on the length of the bond,es(n) and eg(n) may
depend onx as well as on the specific configuration of th
neighboring atoms. However, for a given compositionx, the
bondlengths differ by less than 5% between the differ
configurations. Thus, we suspect thates(n) does not change
dramatically withn at a givenx.
Therefore, we expect that@p(n)es(n)2# rel approximately
equals the relative population,@p(n)# rel[p(n)/p(0), of
Si42nGen:C. If the distribution of the four Si and Ge neigh
bors is random,@p(n)# rel is easily calculated for all compo
sitions

@p~n!# rel5S 4
nD S x

12xD n

. ~8!

IV. EXPERIMENTAL RESULTS

A. Observation of local vibrational modes of Cs

Two broad absorption bands at;542 and;584 cm21 are
observed in Si0.50Ge0.50 after implantation of12C1 and sub-
sequent annealing at 550 °C, as can be seen from curvea in
Fig. 2. A similar pair of bands is observed when12C1 is
substituted by13C1 ~see curveb! but the frequencies ar
shifted downwards by a factor of;1.03, which is close to
13/12. Therefore, the bands represent local vibrational mo
of C bound to a heavier element.
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Coimplantation of12C1 and 13C1 produces a spectrum
with an even broader absorption band, depicted as curvec in
the figure. When the coimplanted spectrum is subtracted
the single isotope spectra, the resulting spectrum is basic
flat ~see Fig. 2!. Hence, the bands at about 542 and 584 cm21

originate from defects, which contain a single C atom. Sim
lar bands have been observed for all compositionsx and in
all cases they are found to represent local modes of defe
which contain a single C atom.

The absorbance spectra recorded after annealing at 55
on 13C1-implanted Si12xGex samples with different compo
sitions are shown in Fig. 3. Each spectrum is depicted so
its base line corresponds to the composition of the sam
For pure Si, a single absorption line reflecting theT2 mode
of 13Cs is observed at 589 cm21 ~Ref. 10!. Likewise, a single
line at 512 cm21 observed in pure Ge represents theT2 mode
of 13Cs in that material.11 As the Ge content is increase
from x50, the T2 line broadens into a band of lines an
shifts downwards in frequency. When the Ge content
ceeds;15 at. % another broad band appears at lower
quencies, which also shifts downwards in frequency w
increasing Ge content. As can be seen from the figure,
two bands are for all configurations largely confined to t
frequency interval defined by theT2 lines of the pure mate-
rials. Moreover, the frequency shifts with compositionx in-
dicate that in the limitsx→0 andx→1, the high- and low-
frequency bands transform into theT2 lines of pure Si and
Ge, respectively. This strongly suggests that the bands o
nate from different configurations of Cs . This assignment is
consistent with the involvement of a single C atom in each
the underlying defects.

The frequencies calculated for all configurations of13Cs
from the formulas in Sec. III are also depicted in Fig. 3
straight lines. A line is shown solid in the composition rang
where the intensity of the corresponding mode is expecte

FIG. 2. Absorbance spectra measured at 9 K on Si0.50Ge0.50

samples annealed at 550 °C after implantation with~a! 12C1, ~b!
13C1, and ~c! equal doses of both isotopes. The spectrum at
bottom is the result of subtracting spectra of the isotopic p
samples~curves a and b! from the spectrum of the coimplante
sample~curve c!.
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exceed 10% of the total intensity of all Cs modes. The dotted
part of the lines indicates the composition range where
modes are expected to be very weak. To estimate the c
position ranges, it has been assumed that the distributio
the four neighbors to the C is random.

The spectra recorded on the13C-implanted Si0.65Ge0.35
sample after annealing at 550 and 750 °C are shown in
4. Four lines denotedL1 , L2 , L41L5 , andL6 are resolved.
According to Fig. 3, the modes of the configuratio
Si4Ge0:C, Si3Ge1:C, and Si2Ge2:C are expected to dominat
the spectrum for this compositionx50.35. Based on the
close similarity with the model frequencies, we ascribe
L1 line to theB2 mode of Si2Ge2:C and theL2 line to theA1
mode of Si3Ge1:C. The intensity of theL6 line increases
somewhat when the annealing temperature is increased
550 to 750 °C. A similar behavior is observed for theL1 line,
whereas theL2 line is constant. Therefore, we ascribe theL6
line to theB1 mode of Si2Ge2:C. TheE mode of Si3Ge1:C
and theT2 mode of Si4Ge0:C should correspond to the tw

FIG. 3. Absorbance spectra recorded at 9 K on 13C1-implanted
Si12xGex samples with different compositions (0<x<1) after an-
nealing at 550 °C. The baseline of each spectrum is displaced
tically to correspond to the composition of the correspond
sample. The straight lines are calculated from the model descr
Sec. III A. Each line shows the variation in frequency for one s
cific mode as a function of Ge concentration. A line is shown so
in the composition range, where the intensity of the correspond
mode is expected to exceed 10% of the total intensity of alls

modes, and the dotted part of the lines corresponds to the r
where the modes are expected to be very weak. The labels c
spond to individual modes:~a! B2 mode of Si2Ge2:C, ~b! E mode of
Si1Ge3:C, ~c! A1 mode of Si3Ge1:C, ~d! T2 mode of Si0Ge4:C, ~e!
A1 mode of Si2Ge2:C, ~f! T2 mode of Si4Ge0:C, ~g! E mode of
Si3Ge1:C, ~h! A1 mode of Si1Ge3:C, and~i! B1 mode of Si2Ge2:C.
e
m-
of

g.

e

m

most prominent lines in the spectrum, according to our
tensity estimates. This strongly suggests that the lineL4
1L5 consists of two overlapping linesL4 and L5 , which
represent theT2 mode of Si4Ge0:C ~L4 line! and theE mode
of Si3Ge1:C ~L5 line!. Additional evidence for this is pro-
vided by the spectrum recorded after annealing at 750 °C
this case, the line profile ofL41L5 is clearly asymmetric.
The low-frequency tail of the lineL41L5 is rather broad,
which indicates the presence of yet a line, labeledL3 . From
comparison with Fig. 3, we ascribe this line to theA1 mode
of Si2Ge2:C. Hence, the existence of theL3 line is consistent
with the assignment of theL1 andL6 lines to theB2 andB1
modes of the same complex.

The spectra in Fig. 4 have been fitted with a sum of
Gaussians17 corresponding to the linesL1 , L2 , L3 , L4 , L5 ,
andL6 . The best fit and the individual components are a
shown in the figure, and the peak positions and intensities
presented in Table II. The widths of the gaussians co
sponding toL3 , L4 , L5 , and L6 were forced to be equa
during the fit, as were the widths of the Gaussians repres
ing L1 andL2 .

A similar procedure has been applied to fit the observ
spectra for all compositions covered in this study. The be
fit parameters are also given in Table II together with t
assignment of the individual components.

B. Analysis of local mode intensities

On basis of the local mode intensities given in Table
@p(n)eS(n)2# rel can be calculated for x
50.15,0.25,0.35,0.50. As mentioned in Sec. III, we exp
that @p(n)eS(n)2# rel approximately equals the relative pop
lation distribution@p(n)# rel of the four Si and Ge neighbors
In Table III, the values obtained for@p(n)eS(n)2# rel are com-
pared with those of@p(n)# rel corresponding to a random dis
tribution of neighbors@see Eq.~8!#. When x is small, the
random-distribution values of@p(n)# rel agree with the values
of @p(n)eS(n)2# rel . However, whenx exceeds 0.25, the two

r-
g
ed
-

g

ge
re-

FIG. 4. Spectra recorded at 9 K on a13C-implanted Si0.65Ge0.35

sample annealed at 550 and 750 °C. The individual lines are
noted L1 , L2 , L3 , L4 , L5 , and L6 . The best overall fit to the
spectra and the individual components are shown as dashed
dotted curves.
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TABLE II. Peak positonsv ~cm21! and intensitiesI ~cm21! of the individual modes determined from th
best fit to the spectra recorded on Sil 2xGex after implantation of13C and subsequent annealing at 550 °C. T
frequencies and the intensities marked with an* are uncertain, as these absorption lines may mix with lin
from the configuration Si1Ge3:C.

Configuration
and mode x 0.00 0.05 0.15 0.25 0.35 0.50

Si4Ge0:C
T2 mode v 589.0 586.5 580.6 575.4 570.4 563.0
~L4 line! I 0.075 0.194 0.209 0.195 0.166 0.144
Si3Ge1:C
A1 mode v 541.4 536.6 532.2 525.7*
~L2 line! I 0.017 0.018 0.032 0.043*
E mode v 586.6 583.9 579.5 573.2
~L5 line! I 0.097 0.082 0.099 0.114
Si2Ge2:C
B2 mode v 523.8 515.5
~Ll line! I 0.011 0.014
A1 mode v 571.0 569.0 564.0 556.0
~L3 line! I 0.008 0.019 0.021 0.031
B1 mode v 600.0 596.1 591.8 585.4*
~L6 line! I 0.013 0.030 0.050 0.086*
a
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sets of values deviate significantly, which indicates a nonr
dom distribution of nearest neighbors. Instead, the value
@p(n)eS(n)2# rel suggest a substantial preference for form
tion of complexes with many~3 or 4! Si neighbors.

Next, we discuss the thermal stability of the individu
modes. Absorption spectra recorded on13C-implanted
Si0.65Ge0.35 after annealing at different temperatures ha
been fitted with a sum of six Gaussians, with peak positi
and widths fixed at the values obtained from the spectr
recorded after annealing at 550 °C, as described in Sec. IV
The resulting intensities of the individual components
shown against annealing temperature in Fig. 5. All mo
appear at about 525 °C and anneal at about 875 °C. The
tailed annealing behaviors of the modes differ, but mo
assigned to the same configuration display the same be
ior. This provides additional support for the assignme
made above. The intensity of theT2 mode of Si4Ge0:C

TABLE III. Calculated values of@p(n)es(n)2# rel , and the
random-distribution values of@p(n)# rel as a function of Ge conten
x. All intensities were determined from spectra measured after
nealing at 550 °C.

x 0.15 0.25 0.35 0.50

Model
@p(0)es(0)2# rel 1.00 1.00 1.00 1.00
@p(1)es(1)2# rel 0.70 0.64 0.90 1.20
@p(2)es(2)2# rel 0.18 0.45 0.58 1.04
@p(3)es(3)2# rel

Random
@p(0)# rel 1.00 1.00 1.00 1.00
@p(1)# rel 0.71 1.33 2.15 4.00
@p(2)# rel 0.19 0.67 1.74 6.00
@p(3)# rel 0.02 0.15 0.62 4.00
@p(4)# rel 0.00 0.01 0.08 1.00
n-
of
-

l

e
s

m
A.
e
s
e-
s
v-

s

reaches maximum at;550 °C and decreases gradually as t
annealing temperature is increased further up to 850 °C
contrast, theA1 andE modes of Si3Ge1:C have nearly con-
stant intensities from 550 °C up to 850 °C, and the modes
Si2Ge2:C display a gradual intensity increase in this tempe
ture range. Hence, the relative populations of the differ
configurations change from 550 to 850 °C. From the inten
ties obtained after annealing at 850 °C, we find th
@p(0)es(0)2# rel51.0, @p(1)es(1)2# rel51.1, and
@p(2)es(2)2# rel51.0. Comparison with the~550 °C! values
in Table II suggests that after 850 °C annealing the distri
tion of neighbor atoms is closer to, but remains significan
different from, a random distribution. We note that the th
modynamical equilibrium distribution will differ from a ran
dom distribution, unless the total energies of all configu

n-

FIG. 5. Intensities of the individual modes of13Cs in Si0.65Ge0.35

shown against annealing temperature. The intensity of theA1 mode
of Si3Ge1:C has been scaled by a factor of 2.8. The intensities of
A1 and B2 modes of Si2Ge2:C have been scaled by 2.2 and 5.
respectively.
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tions Si42nGen:C are identical. Thus, deviations from
random distribution may not be surprising.

V. THEORETICAL CALCULATIONS

A. Method

In order to further investigate the credibility of the assig
ments made in Sec. IV A, the structure and local vibratio
modes of Si42nGen:C embedded in a Si and a Ge clust
have been calculated usingab initio local density-functional
theory.18 The calculations were made on 71-atom tetrahed
clusters, Si35H36 and Ge35H36, where the central Si or Ge
atom was replaced by a C atom and the dangling bonds o
the surface of the cluster were terminated by infinitely m
sive H atoms. The wave functions were represented b
basis set of Guassian orbitals: Eight Gaussian orbitals of
ferent exponents were centered on the C atom and four
bitals on the inner four Si and Ge neighbor atoms. A fix
linear combination of four orbitals was used for the rema
ing Si or Ge atoms, and a fixed linear combination of th
orbitals was placed on each of the H atoms on the surf
Finally, threes- and p-Gaussian orbitals were placed at t
center of every Si-Si or Ge-Ge bond in the cluster. The s
consistent energy and the forces on the atoms were ca
lated, and all 34 host atoms together with the C atom w
allowed to relax until the minimum-energy configuration w
obtained. During this calculation, full symmetry constrain
were applied, and the H atoms at the surface were fixe
their starting positions. To calculate the local vibration
modes of the defect, the second derivatives of the ene
with respect to atomic positions were calculated directly
the C atom and its four neighbors while the derivatives
the remaining atoms were calculated from a Musgrave-Po
potential.19,20

The Cs atom was first placed at the center of the Si clus
and the optimized positions and local vibrational modes w
found. The four Si neighbors of the C atom were then
placed one at a time by Ge atoms, the structure was reo
mized, and the new local modes of the Si42nGen:C configu-
rations in a bulk Si cluster were calculated. The abo
process was then carried out in a Ge cluster with the nea
neighbors to C being replaced in turn by Si atoms to obt
the modes in bulk Ge.

B. Results

The optimized bondlengths of Si42nGen:C are given in
Table IV and the calculated modes are given in Table V
the 12C and13C isotopes. We note that the Si-C bondleng
of Si4Ge0:C in pure Si is 1.962 Å in good agreement wi
x-ray studies on C-doped Si, which gave a value of 1.95 Å21

As can be seen from Table IV, the Si-C and Ge
bondlengths decrease as the number of Ge neighbors ar
creased in both materials. The reason is that the Si-C bo
have a larger force constant than the Ge-C bonds. Hence
C atom is displaced from its lattice site in a direction, whi
causes the Si-C bonds to shorten and the Ge-C bond
lengthen compared to the ideal ‘‘unrelaxed’’ structures. D
to the near-tetrehedral coordination of the four neighbo
this effect is larger the more Ge neighbors there are.
-
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If we take the trigonal (C3v) defect Si3Ge1:C in the Si
matrix as an example: The Si-C bond length is 0.008
shorter than that of Si4Ge0:C and the Ge-C bondlength i
0.025 Å longer than that of Si0Ge4:C. Due to the short Si-C
bonds, theE mode of Si3Ge1:C has higher frequency than th
T2 mode of Si4Ge0:C. This is in violation of the Saxon Hut
ner theorem.22 However, this theorem assumes that the fo
constants are identical so that the shifts in the frequencies
entirely due to the difference in the masses of the const
ents. Clearly, this assumption is not fulfilled in the prese
case since the force constants largely reflect the b
lengths.

The first-principle frequencies are often overestima
and to bring them in closer agreement with experiment
scale the theoretical values by the factor 0.917. This gi
theT2 modes for13C at 589 cm21 in Si ~Ref. 10! and at 512
cm21 in Ge ~Ref. 11! in perfect agreement with the observe
modes. That the same scaling factor is required for both
and Ge suggests that this factor is appropriate for all
modes of Si42nGen :C in the alloy.

It is clear that for lowx, the matrix is closer to Si than Ge
whereas it is the reverse for largex. Thus, the effect of in-

TABLE IV. Calculated Si-C and Ge-C bondlengths~Å! of Cs in
Si and Ge clusters for all configurations of nearest neighb
Si42nGenC.

Configuration Point group Si-C Ge-C

Si cluster
Si4Ge0:C Td 1.962
Si3Ge1:C C3n 1.954 2.043
Si2Ge2:C C2n 1.947 2.033
Si1Ge3:C C3n 1.938 2.027
Si0Ge4:C Td 2.018
Ge cluster
Si4Ge0:C Td 1.977
Si3Ge1:C C3n 1.966 2.065
Si2Ge2:C C2n 1.957 2.053
Si1Ge3:C C3n 1.951 2.044
Si0Ge4:C Td 2.035

TABLE V. Calculated frequencies~cm21! of local vabrational
modes for12Cs amd13Cs in Si and Ge clusters for all configuration
of nearest neighbors Si42nGen :C. Furthermore, the scaled13Cs

mode frequencies of Si0.65Ge0.35 are given.

Configuration Mode

12C 13C x50.35

Si Ge Si Ge

Si4Ge0:C T2 662 638 642 618 580
Si3Ge1:C A1 612 588 593 569 536

E 673 651 653 631 592
Si2Ge2:C B2 594 568 574 548 518

A1 642 617 623 598 563
B1 684 663 664 642 602

Si1Ge3:C E 598 573 578 552 522
A1 675 649 655 629 592

Si0Ge4:C T2 605 579 583 558 526
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creasingx is to cause an expansion of the Si-C and Ge
bonds as can be inferred from Table IV. This expans
causes a drop in each frequency and we assume tha
frequencies of Si42nGen :C in the alloy can be obtained from
linear interpolation of the corresponding scaled frequenc
in the Si and Ge matrices. The frequencies thus obtained
13Cs in an alloy withx50.35 are also given in Table V. A
can be seen from comparison with Table II, there is a cl
correspondence between the calculated and assigned
quencies for the Si42nGen :C defects~n50, 1, and 2!. The
numerical ordering of the individual modes agrees and
maximum deviation between the two sets of frequencie
only 12 cm21. Hence, we conclude that theab initio calcu-
lations provide additional support for the assignments m
in Sec. IV A.

The calculations show that there is an energy prefere
for C to form bonds with Si rather than Ge. By compari
the energies of two relaxed clusters CGeSi69H60, where the
Ge atom is a nearest or second-nearest neighbor to C
Si-C bond was favored by 0.2 eV. Similarly, in the cluste
CSiGe69H60, the C-Si bond was favored by 0.25 eV. The
values suggest that the equilibrium probability of C bei
surrounded by four Ge neighbors in the alloy is negligib
even at 850 °C. Thus, the deviation from a random distri
tion of neighbors discussed in Sec. IV B is in accordan
with the ab initio results.

VI. CONCLUSION

Infrared absorption spectroscopy has been applied
study Cs in 13C-implanted Si12xGex as a function of compo-
sition x. It has been shown that Cs possesses local vibrationa
modes with frequencies in the range from 512 to 600 cm21.
The frequencies were calculated from a harmonic model,
the results are used to assign the observed absorption b
According to our assignments, Cs binds to both Si and Ge
neighbor atoms. The intensities of the local modes stron
suggest that the distribution of the four neighbor atoms is
random, but there is a preference for the configuration w
four Si neighbors.Ab initio local density functional cluste
theory has been used to calculate the structure
Si42nGen :C and the frequencies of the associated lo
modes. The results are in good agreement with our obse
tions and provide additional support for our assignments
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APPENDIX

As mentioned in Sec. III the effective force constantsf s
and f g depend on the length of the Si-C and Ge-C bonds.
a diatomic moleculeY-Z with bondlengthRY-Z and stretch
frequencyvY-Z , Morse23 proposed the empirical relation
n
the

s
or

e
fre-

e
is

e

ce

the
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e

to

d
ds.

ly
t

h

of
l
a-

l
d
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.

r

vY2ZRY2Z
a 5Constant, ~A1!

wherea;3 as a rough estimate. We assume that this re
tion also holds for theYi-C bonds of the molecules in Fig. 1
Equation ~A1! implies that for small changes in th
bondlength the effective force constantf Y for a Y-C bond is
given by

f Y5 f Y
0S 122a

dRY2C

RY2C
0 D , ~A2!

whereRY
0 and f Y

0 are the bond length and the effective for
constant for a reference state. Moreover,dRY-C5RY-C

2RY-C
0 . As a reference state, we choose Si4Ge0:C in pure Si

for Si-C bonds and Si0Ge4:C in pure Ge for Ge-C bonds
From the frequencies of theT2 modes, 607 cm21 in Si ~Ref.
10! and 531 cm21 in Ge,11 and with the expressions in Tabl
I, we calculate f s

059.235 eV Å22 and f g
058.302 eV Å22.

Since reasonable estimates ofRSi-C
0 and RGe-C

0 are sufficient
we use the theoretical values,RSi-C

0 51.962 Å and RGe-C
0

52.035 Å, given in Sec. V.
Now we denote the Si-C bondlength for Si4Ge0:C by

bs(x) and the Ge-C bondlength for Si0Ge4:C by bg(x). With
this definition, bs(0)5RSi-C

0 and bg(1)5RGe-C
0 . Since the

variations ofbs(x) andbg(x) asx is changed are less than
few percent, we expect that linear expansions are valid

bs~x!5RSi-C
0 1xDbs

0<x<1

bg~x!5RGe-C
0 1~12x!Dbg ~A3!

whereDbY5bY(1)2bY(0). Thevalues ofDbs andDbg are
unknown. According to theab initio calculations described
in Sec. V,Dbs andDbg differ only by 0.02 Å. Therefore, we
setDb[Dbs5Dbg .

To estimateRSi-C(x) and RGe-C(x) for the configuration
Si42nGen :C, the 42n Si andn Ge atoms are fixed at site
displaced alonĝ111& directions from the origo~see Fig. 1!.
The distance from each neighbor atom to the origo is cho
equal tobs(x) for the 42n Si andbg(x) for then Ge neigh-
bors. Thus, if the C atom is placed at the origo, t
bondlengths are identical to those of Si4Ge0:C and Si0Ge4:C.
However, for complexes with both Si and Ge neighbors,
origo is not the equilibrium site for C, becausef s and f g
differ. It is a simple task to find the equilibrium site of C, an
thus, get the values ofdRSi-C anddRGe-C for the configura-
tion Si42nGen :C. Then, the force constantsf s and f g can be
obtained from Eq.~A2! and the result is

f s5 f s
0F12

2aDb

RSi-C
0

f g
0~4x2n!

~42n! f g
01n fs

0G
f g5 f g

0S 12
2aDb

RGe-C
0

f s
0~4x2n!

~42n! f g
01n fs

0D . ~A4!

The factoraDb is not known, and as described in Sec. I
its value has been adjusted to reproduce the observed v
tions of the frequencies withx. The best value was found t
be aDb50.16 Å.
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