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Precipitation of b-SiC in Si 12yCy alloys
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The infrared modes of annealed Si12yCy alloys were studied experimentally and theoretically. The
alloys were grown on Si~100! substrates by solid-source molecular beam epitaxy and were
characterized by Fourier transform infrared spectroscopy. At annealing temperatures above 850 °C,
the localized vibrational mode of substitutional C around 605 cm21 diminished in intensity while
another mode due to incoherent silicon carbide precipitates appeared at 810 cm21. For lower
processing temperatures, a peak around 725 cm21 has been tentatively attributed to a C-rich phase,
which is a precursor to SiC precipitation. Theoretical calculations based on the anharmonic Keating
model predict that small~1 nm! 3C–SiCcoherentprecipitates may actually produce a mode at
725 cm21. This mode occurs if the bonds gradually vary in length between the C-rich region and the
host lattice. On the other hand, if the bonds are abruptly distorted at the edges of the precipitate, it
becomes elastically isolated from the host lattice, and the 810 cm21 mode appears. This study yields
a picture of the thermal stability of dilute SiC alloys, which is important for the high-temperature
processing steps necessary for device applications. Moreover, the coherent precipitation may
provide a controllable way to form self-assembled 3C–SiC quantum dots into silicon germanium
carbon alloys. ©1998 American Institute of Physics.@S0021-8979~98!08219-X#
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Carbon incorporation into silicon-based microelectron
and optoelectronics provides device opportunities thro
band-gap and strain engineering,1 and diffusion control. Sub-
stitutional carbon modifies the alloy band structure and
band offsets for Si-based heterostructures.2,3 In the dilute
limit, the lowest-energy configuration for C atoms is the o
cupation of substitutional sites,4 where the carbon atoms ar
tetrahedrally bound to Si atoms. The difference in latt
parameters and covalent radii between silicon and diam
induce high bond distortions, which results in a modificati
of the phonon spectrum.5 In the limit of the highly diluted
Si12yCy alloy, substitutional carbon gives a signature si
ated around 605 cm21. This localized vibrational mode ca
be observed either by absorption spectroscopy6 or by Raman
spectroscopy.5,7,8 After thermal annealings at high temper
tures ~.900 °C!, a broad peak around 810 cm21 has been
observed by several groups.6,9,10,11This phenomenon is usu
ally attributed to silicon carbide precipitation.11 This result is
naturally expected since the solubility of C in Si is
31017 cm23 at the melting point11 and stoichiometric SiC is
the only thermodynamically stable structure in the Si
system.12 An additional vibrational mode situated aroun
725 cm21 has been recently observed13 by infrared absorp-
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tion spectroscopy for intermediate growth temperatu
~;650 °C!. This peak is consistent with a Si–C transition
phase, intermediate between the loss of substitutional C s
on the silicon lattice and the formation of SiC-relaxed p
cipitates. Here, we use a theoretical approach to demons
that thecoherentprecipitation of 3C–SiC in Si produces
vibrational mode situated between 700 and 740 cm21 be-
cause of the strain-affected chemical bonds around C.
phonon mode around 810 cm21 is obtained only in the case
of incoherentprecipitates. The latter case is characterized
the absence of crystalline continuity between the precipita
and the surrounding matrix, and the interface strain betw
3C–SiC and Si may be accommodated by defects.

Our theoretical approach is based upon a valence fo
field model derived from Keating14 and taking into accoun
the effects of carbon anharmonicity. The interactions
tween atoms have been modeled with an interatomic po
tial similar to the one of Ru¨ckeret al.5 with the exception of
adjusting our force coefficients to yield the correct latti
parameters and phonon modes of Si, diamond~in the Fd3m
structure! and 3C–SiC at 300 K. This choice is justified b
the very high precision and reliability of these experimen
data, which can be obtained by x-ray diffraction, Ram
spectroscopy, and absorption spectroscopy at room temp
ture. In addition, our set of parameters enables the comp

of
1 © 1998 American Institute of Physics
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tion of the LO~G! mode from 3C–SiC, which cannot be ob
tained from the parameters given by Ru¨cker et al.5 to the
best of our knowledge. Our model is, therefore, idea
suited to a precise computation of lattice parameters
phonon spectra of tetrahedrally coordinated Si12yCy alloys.
The molecular dynamics relaxation is calculated from a 5
atom supercell by time increments of 3 fs, until the to
potential energy reaches a stable minimum. We have c
puted both isotropic relaxations, where no external press
is applied to the computational box, and pseudomorphic
laxations, to simulate a fully strained layer on silicon. In
further stage, the local phonon density around carbon is c
puted, using the recursion method detailed in Ref. 15. T
algorithm enables the computation of the local phonon d
sity around chosen atoms. The calculated spectra can
compared with absorption spectroscopy and Raman spec
copy results after application of proper selection rules. N
merous random and ordered atomic configurations have b
tested, in order to simulate the precipitation of 3C–SiC in
silicon.

The application of these theoretical tools gives the f
lowing results. In the case of a 3C–SiC precipitate conta
ing 50 carbon atoms and coherently embedded into a sil
matrix, the atomic positions after isotropic relaxation are
picted in Fig. 1. The high bond distortions of this quantu
dot are clearly evident, especially around the precipita
From that picture, it is clear that the interface energy
tween the matrix and the precipitate is important, in agr
ment with Tayloret al.16 Silicon carbide is more rigid than
silicon, therefore, the interface between the silicon and 3
SiC is very abrupt, and the distortion occurs across f
atomic distances. The statistical distribution of Si–C bond
represented in Fig. 2. The distribution is broadened
asymmetrically distorted by the silicon-related strain. T
Gaussian fit is centered around 0.208 nm, which is betw
3C–SiC~0.188 nm! and Si~0.235 nm!. The more distorted
bonds can reach up to 0.235 nm at the interface between
matrix and the precipitate. This local departure from perf
crystalline periodicity gives an intense phonon mode, illu
trated in Fig. 3~b!. This spectrum is roughly composed of th
classical localized vibrational mode around 605 cm21, a

FIG. 1. View along@100# of a 3C–SiC coherent precipitate coherently e
bedded into silicon and containing 50 carbon atoms. Molecular dynam
computation is used to relax the 512 atom supercell isotropically. The s
and open spots stand for C and Si, respectively. A modified Keating mo
which takes into account the anharmonicity of C, is used to model
atomic interactions.
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small peak around 660 cm21, and a well-defined mode a
about 725 cm21. Silicon–carbon bonds situated about o
spherical monolayer inside the outermost frontier of the p
cipitate give the most intense phonon modes arou
725 cm21. Curve ~c! in Fig. 3 represents the local phono
density spectra averaged to all carbon atoms in the super
The 605 cm21 localized vibrational mode is spread towa
higher wavenumbers because of the high tensile strain,
the 725 cm21 peak is present. These simulations are in r
sonable agreement with the experimental absorption s
troscopy spectrum depicted in Fig. 3~a!. The position of the
mode depends upon the size of the 3C–SiC quantum dot
the strain around the precipitate. If the supercell is pseu
morphic to silicon, then the peak is situated arou
560 cm21. The potential energy of the system is well fitte
by a sigmoidal~Boltzman! increasing function of the precipi
tate size, and the phonon peak shifts toward higher ener

s
id
l,

e

FIG. 2. Statistical distribution of Si–C bonds in the 3C–SiC precipitate
Fig. 1. A Gaussian fit of the distribution is centered around 0.208 nm.
calculated bond length can reach up to 0.235 nm. For comparison, the
bond length in pure 3C–SiC is 0.188 nm.

FIG. 3. Comparison between the experimental infrared absorption spec
and the local phonon density calculated by the recursion method, for
3C–SiC precipitate illustrated in Fig. 1. The experimental curve~a! is ob-
tained with a Si12yCy sample grown by molecular beam epitaxy at 650 °
The simulated curve~b! is calculated around a single carbon atom situated
the interface between the precipitate and its surrounding matrix, while~c! is
the phonon spectrum averaged over all carbon atoms in the precipitate
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when the size increases or when the precipitate become
coherent to its matrix. The mode observed at 725 cm21 is
best matched in energy by the phonon spectrum of a sph
cal quantum dot containing about 50 carbon atoms and
herently embedded into an isotropically relaxed matrix.

Now, we propose the following interpretation for th
physical behavior of substitutional carbon into silicon~or
silicon germanium! alloys during thermal annealing. Fo
rapid thermal annealings above 1000 °C during a few s
onds or at temperatures higher than 850 °C for several ho
the formation of relaxed silicon carbide precipitates seem
be unanimously accepted.6,9–11 This process is attributed t
thermally activated carbon diffusion, followed by precipit
tion. The interface between 3C–SiC and the matrix is def
tive, and the nanoprecipitates are relaxed. Our calculat
show that if the precipitate were coherent, then the Si
bond length would increase up to 25% at the interface. Te
perature is linked to atomic agitation, therefore, structu
defects are very likely to occur at the interface for high th
mal atomic vibrations. Various types of defects may be
volved, either with carbon, oxygen, or other complexes.
intermediate processing temperatures~between 600 and
850 °C approximately!, we suggest that substitutional carbo
should have an increasing probability to jump into interstit
sites, for example, by forming a Si–C interstitial complex.
may, thereafter, produce a vacancy. Then, it could rap
diffuse to form small-sized coherent precipitates, surroun
by a vacancy-rich matrix. The formation of such quantu
dots may also depend on surface effects during the m
stable growth. The additional presence of various defe
might not be completely excluded, and thorough investi
tions have to be performed to further evaluate their nat
and their density. The strain may be roughly maintained
the precipitates are coherent, because the crystalline pe
icity is not completely disrupted. For obvious reasons, lo
elastic energy and Si–C bonds maximal distortions can
increase indefinitely, therefore, such coherent precipita
should be highly metastable. A simulated size of;1 nm best
matches our infrared absorption experimental results, th
fore, the critical radius for loss of coherency ofb-SiC in Si
should be superior to 1 nm for our growth conditions. Sim
lar results have been observed with silicon germanium
bon alloys. This mechanism of coherent precipitation m
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provide a controllable way to form self-assembled quant
dots of ;1 nm size, which can be observed by absorpt
spectroscopy.

In summary, we have performed molecular dynam
simulations using a valence force field model to simulate
silicon carbide precipitation into silicon. The recent
measured13 phonon mode situated around 725 cm21 is com-
puted in the case of acoherent3C–SiC precipitate isotropi-
cally relaxed. This picture is consistent with;1 nm b-SiC
quantum dots coherently embedded into a vacancy-rich
trix. The phonon mode around 810 cm21 is obtained only if
the silicon carbide nanoprecipitates areincoherent. This
mechanism of coherent precipitation may provide a cont
lable way to form self-assembledb-SiC quantum dots in
silicon germanium carbon alloys.
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