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Microscopic carbon distribution in Si 12yC y alloys: A Raman scattering study
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Si12yCy alloys grown by solid-phase epitaxy of carbon-implanted Si were investigated with Raman spec-
troscopy. A comparison between the experimental Raman spectrum and the spectrum predicted fromab initio
calculations shows that the carbon distribution in these samples is more randomized than in similar alloys
grown by molecular-beam epitaxy. It is argued that epitaxial, layer-by-layer growth promotes the formation of
ordered Si-C structures.@S0163-1829~97!06532-6#
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Epitaxial Si12yCy and Si12x2yGexCy films with carbon
concentrations around 1% have been fabricated recently
ing a variety of methods.1–9 The films are largely defect-free
even though their carbon concentrations are three order
magnitude higher than the solubility limit of substitution
carbon in silicon.10 Two concurrent mechanisms have be
proposed to explain the epitaxial, layer-by-layer growth
these supersaturated solutions. The stress introduced
carbon impurity can be partially relieved near the growi
surface, leading to a drastically increased solubility. For c
bon near a Si surface, Tersoff estimates a surface solub
four orders of magnitude higher than the bulk value.11 On the
other hand, Ru¨cker and co-workers computed the energy
ordered, tetrahedrally bound SinC structures with up to 20%
carbon.12 When these structures are epitaxially matched t
Si substrate, they find several examples in which the ene
per carbon atom is lower than in the case of isolated, sub
tutional carbon. For example, two third-nearest-neighbor c
bon atoms~3-nn! at opposite vertices of the diamond stru
ture six-atom rings are found to have a lower energy th
two isolated substitutional carbon impurities. In a subsequ
paper, Ru¨cker et al. propose and demonstrate an experim
tal probe of these carbon arrangements based on Raman
infrared spectroscopy.13 The frequencies of the vibrationa
modes involving carbon atoms depend on the relative p
tions of these atoms, leading to a characteristic vibratio
spectrum for each possible configuration. A comparison
theoretically computed Raman spectra with experimental
sults for Si12yCy films grown by molecular-beam epitax
~MBE! suggest that 3-nn carbon pairs indeed appear m
more frequently than expected for a random distribution
carbon atoms.13

The research described above leaves an important o
question, namely, the extent to which the surface solub
enhancement described by Tersoff11 is required to obtain the
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ordered Si-C structures predicted by Ru¨cker et al.13 In this
paper, we address this issue by performing Raman exp
ments on Si12yCy films grown by direct carbon implantatio
followed by solid-phase-epitaxial regrowth~SPE!.

Preamorphized CVD grown Si films on Si~100! were em-
ployed to produce the Si12yCy implanted samples for SPE
regrowth. Multiples of a 131015C1/cm2 dose at 25 KeV
followed by solid-phase-epitaxy regrowth at 750 °C pr
duced peak concentrations between 0.3 and 1.8 at. % C
300 nm, as measured by secondary-ion mass spectrosc
The Raman experiments were performed at room temp

ture in the perfect backscatteringz(x,y) z̄ configuration;x,
y, and z correspond to the@100#, @010#, and @001# crystal
directions. The 488-nm line from an Ar1 laser was used, and
a Spex 1404 double monochromator equipped with a C
detector was employed to analyze the scattered light.

Figure 1~a! shows the Raman spectrum of implant
Si12yCy samples in the spectral region corresponding to
local mode of C in Si. Since the Raman spectrum of Si ha
relatively narrow second-order feature in the same spec
range,14 we subtracted this feature from all spectra sho
here by performing identical measurements in samples w
out carbon. Therefore, the peaks seen in Fig. 1 are du
carbon-related vibrations only. The single peak observe
605 cm21 in Fig. 1~a! is very similar to the infrared absorp
tion spectrum of substitutional carbon in Si for carbon co
centrations below the solubility limit,15 except that the line-
width we observe is 12 cm21, roughly twice the value
determined from those infrared measurements. Figure~c!
shows a similar Raman spectrum obtained earlier by Ru¨cker
et al.13 from a Si12yCy sample grown by MBE. This Rama
spectrum has a clear satellite peak near 625 cm21, which has
been assigned to a higher number of 3-nn carbon pairs
expected from a random distribution of carbon atoms.
3648 © 1997 The American Physical Society
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such satellite peak is observed in the samples grown by
bon implantation.

Figure 2 shows two theoretical Raman spectra fo
Si0.986C0.014alloy, obtained fromab initio calculations of the
structure and vibrations of Si62C2 and S63C1 supercells.16

The predicted Raman spectra are obtained~using a bond-
polarizability model and a full width at half maximum of
cm21 for all Raman-active vibrations! as an average of spec
tra calculated for different C-C configurations. The vibr
tional frequencies from theab initio calculations are within
7% of the experimental values. The spectra shown in Fig
were frequency shifted~for easier comparison! to match ex-
actly the experimental peak at 605 cm21. The solid line in
Fig. 2 corresponds to a random distribution of C-C config
rations. For the spectrum shown as a dotted line, each
figuration was given a weight proportional to exp(2E/kT),
where isE is the energy of the configuration~shown in the
inset to Fig. 1! andT5750 °C. The peak near 625 cm21 is
due to the presence of 3-nn carbon pairs, in agreement
the calculation of Ru¨cker et al.13 Only qualitative compari-
sons between theory and experiment can be made at
point, since the calculations ignore clusters of 3 or m
carbon atoms and the overall line shape is very sensitiv
the Raman frequency of each configuration. However, i
interesting to point out that ourab initio results are in basic
agreement with the calculations of Ru¨cker et al. using an
empirical potential.13 We observe that the peak near 6
cm21 is more prominent in the ‘‘weighted’’ calculation
This occurs because the 3-nn configuration~at a C-C dis-
tance of 0.83a0, wherea0 is the Si-lattice constant! has one
of the lowest energies. Hence we conclude that the carb
implanted samples—where the 3-nn peak is not seen at a
are closer to a random distribution of carbon atoms, wher
the MBE-grown samples must be closer to equilibrium, sin

FIG. 1. First-order Raman spectrum of Si12yCy alloys after
substraction of the silicon second-order contribution.~a! Implanted
SPE sample with a peak concentration of 1.4 % at. C as grown~b!
same as~a! after 4-h anneal at 875 °C under flowing Ar gas and,~c!
Si0.994C0.006alloy grown by MBE~from Ref. 13!. The relative scale
between the implanted and MBE samples is arbitrary.
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they show clear evidence for the low-energy 3-nn carb
configuration.

The SPE regrowth temperatures in implanted samples
higher than typical MBE growth temperatures. Hence
would expect—contrary to experiment—a higher fraction
low-energy carbon configurations in carbon-implant
samples. Figure 1~b! shows the Raman spectrum of the sam
samples as in Fig. 1~a! after a 4-h annealing at 857 °C und
flowing Ar gas. The peak intensity has been reduced by
proximately 50% due to SiC precipitation, but we still see
evidence of the high-energy shoulder assigned to 3-nn
bon pairs. These results can only be understood if the kin
barrier for the formation of low-energy carbon structures
much lower near the growing surface, so that the format
of these structures is enhanced in layer-by-layer growth p
cesses. We thus conclude that surface effects, as predicte
Tersoff,11 play a key role in the formation of ordered Si-
structures in Si12yCy alloys.

This work was supported by the NSF under Grants N
DMR-9521507 and No. DMR-9412550. We thank Dav
Wright for providing technical support. M.M.L. thanks th
Organization of American States for financial support.

FIG. 2. Theoretical Raman spectra for a Si0.968C0.32 alloy, ob-
tained as averages of spectra computed for a Si63C1 supercell and
several possible Si62C2 supercells. For the dotted-line spectrum
each configuration was weighted according to its energy, as
scribed in the text. The solid-line spectrum corresponds to a ran
distribution of carbon atoms. In both cases, the spectra were sh
so that the main peak coincides with the experimental main pea
605 cm21. The inset shows the excess energy of two substitutio
carbon atoms in a silicon lattice relative to the energy of two in
nitely separated substitutional carbon impurities. This excess en
is shown as a function of the C-C separation, expressed in unit
the Si lattice constanta0. Filled black circles correspond to ourab
initio calculations. The empty circles were computed using the
tended Keating model of Ru¨cker et al. ~Ref. 13!.
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