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We report on a detailed study of the dependence of the vibrational modes in rapid thermal chemical
vapor deposited Si1−x−yGexCy films on the substitutional carbon concentration. Si1−x−yGexCy films
were investigated using Raman and infrared spectroscopy with x varying in the range of 10%–16%
and y in the range of 0%–1.8%. The introduction of C into thin SiGe layers reduces the average
lattice constant. It has been shown that the integrated infrared intensity of the Si–C peak and the
ratio of both the Raman integrated and peak intensities of the Si–C peak �at �605 cm−1� to the
Si–Si peak of SiGeC layer, increase linearly with C content and are independent of the Ge content.
This leads to the conclusion that infrared absorption and Raman scattering data can be used to
determine the fraction of substitutional carbon content in Si1−x−yGexCy layers with a Ge content of
up to 16%. It is also shown that the intensity ratio of the carbon satellite peak to the local carbon
mode increases linearly with C content up to a C level of 1.8%. This confirms a conclusion of an
increase in the probability of creating third-nearest-neighbor pairs with increasing carbon content, as
derived from theoretical calculations. © 2010 American Institute of Physics.
�doi:10.1063/1.3284937�

I. INTRODUCTION

The introduction of C into Si1−xGex layers heteroepitaxi-
ally grown on Si has attracted considerable attention. It may
have application to the fabrication of novel heterostructure
devices using Si-based technology. This enables band engi-
neering via strain control in group IV semiconductors.1,2 As
shown recently, the addition of modest amounts of substitu-
tional carbon into Si1−xGex reduces the strain originating
from the lattice mismatch between SiGe and Si and provides
an additional design parameter in manipulating electronic
properties.3,4 The presence of carbon in the SiGeC lattice
induces a very large local bond distortion, resulting in a sig-
nificant change in the phonon frequencies. Determination of
the exact amount of substitutional carbon in alloys is not
trivial, as the parameters of the vibrational bands, viz., peak
position, linewidth, and intensity, are strongly dependent on
the carbon content. A measurement of the vibrational C local
mode at �605 cm−1 can be used to quantify the amount of
substitutional carbon in Si1−x−yGexCy since it originates only
from substitutional carbon. This measurement can also be
used to estimate the amount of ordered carbon pairs versus
randomly distributed carbon atoms. A number of recent
publications5–12 were devoted to a study of the mechanism of
the carbon distribution and ordering during Si1−x−yGexCy

growth and the microscopic strains in Si1−x−yGexCy alloys
with respect to the average lattice constant. There are a va-
riety of interpretations in the literature on the origin of the

Raman satellite Si–C peak at �630 cm−1. Rowell et al.13

assigned this peak to the carbon on the nonsubstitutional
sites, while Guedj et al.12 and Rücker et al.,14 showed, by
combining theoretical and experimental results, that the sat-
ellite Si–C peak corresponds to the third-nearest-neighbor
�3nn� carbon pairs.

To date, no completely satisfactory experimental meth-
ods exist for the extraction of information on the fraction of
the substitutional carbon from the total carbon content in
SiGeC films with varying Ge content.

A discrepancy exists in the literature regarding the fre-
quency behavior of Si–Si and Si–Ge vibrational bands in
Raman spectroscopy as a function of C content. This is
partly due to the limited number of investigations that have
been performed on SiGeC structures. For instance, a decreas-
ing dependence of the Si–Si peak with C content was experi-
mentally observed in Refs. 7 and 18. Rücker and
Methfessel22 predicted a negative shift in the Si–Si peak for
SiGeC alloys using theoretical calculations. Rowell et al.13

did not find any systematic trend in the variation of the fre-
quencies of Si–Si and Si–Ge peaks with changing C content.

Measurements by Melendez-Lira et al.10 showed a posi-
tive shift in the Si–Si peak with increasing C concentration.
In Ref. 10, an increase in the Si–Ge peak with C content is
also observed. However, the opposite trend in the Si–Ge
peak frequency versus C content was obtained in this work.
Differences in the behavior of the Si–Si and Si–Ge peak are
discussed in this work in the context of the sample proper-
ties.

Contradictions also exist in the literature regarding
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changes in the frequency and in the intensity of the Si–C
bands as a result of the addition of substitutional carbon. An
increase in both intensity and frequency for both satellite and
local Si–C modes was observed by Finkman et al.8 Whereas,
in Ref. 13, it was shown that the frequency of the Si–C local
mode at �605 cm−1 decreases with C content.

In this article, we report on a more detailed study of the
carbon concentration dependence of the infrared and Raman
modes in rapid thermal chemical vapor deposited �RTCVD�
grown Si1−x−yGexCy samples with different x and y fractions
varied over a small range. We present also a new approach to
the calibration of optical methods for the extraction of the
substitutional carbon concentration in SiGeC layers with car-
bon concentrations of up to 1.8%.

II. EXPERIMENTAL

A. Sample description

The samples were grown on �100� n-type Si substrates
using a RTCVD deposition reactor. The layers were obtained
using silane, germane, and methylsilane as precursors in a
hydrogen carrier gas. Growth was performed at low tempera-
ture and reduced pressure, typically 550 °C and 1 Torr, re-
spectively. Four series of samples with different Ge and C
content were studied: four samples with a Ge concentration
of �16% and carbon concentrations varying from 0% to
1.8% �first set, SX�, three samples with a Ge concentration of
�13.5% and carbon concentrations varying from 0% to
1.7% �second set, X09�, three samples with Ge concentra-
tions of �9%–10% and carbon concentrations varying from
0% to 1.8% �third set, XX05�, and five samples with Ge
concentrations of �10% and carbon concentrations varying
from 0% to 1.25% �fourth set, 1003/X�. The sample thick-
ness varied from 500 to 1100 Å. Table I presents the struc-
tural parameters of these samples. More details on sample
growth and characterization are given in Ref. 15. The Ge
content was determined from Rutherford backscattering
spectroscopy �RBS� data and the substitutional C concentra-
tion was obtained by x-ray diffraction �XRD� measurements
�see Ref. 16 for details�.

B. Infrared and Raman measurements

Fourier transform infrared �FTIR� measurements on
Si1−x−yGexCy films were performed using normal incidence
of light using a Digilab FTS 6000 spectrometer with a Glo-
bar source, a KBr beam splitter, and a mercury cadmium
telluride detector. Due to the small size of samples, a micro-
sampling Perkin–Elmer attachment was used for measure-
ments, allowing the infrared beam to be focused to a spot
size of �3–5 mm in diameter.

Raman spectra were registered in backscattering geom-
etry using a micro-Raman Renishaw 1000 system equipped
with a Leica microscope. An 1800 lines/mm grating was
used for all measurements, providing a spectral resolution of
�1 cm−1. As an excitation source, the 514 nm line of an Ar+

laser with a power of 10 mW was used. The laser spot was
focused on the sample surface using a 50� objective. The
infrared and Raman spectra obtained were analyzed using a
mixture of Gaussian and Lorentzian peak fitting functions.

III. RESULTS AND DISCUSSION

A. FTIR results

The infrared absorption spectra of the SiGeC layer ex-
hibit a Si–C vibrational band at 605 cm−1. This band has a
very small intensity from the SiGeC layers with a low carbon
concentration ��1%–2%�. In addition, this band is over-
lapped by an intense Si–Si phonon band from the Si crystal-
line lattice at 614 cm−1. For these reasons, quantitative
analysis of the band at 605 cm−1 becomes complicated. The
spectra of the reference samples, that is, SiGe layers with no
carbon, were subtracted from the spectra of samples contain-
ing C in order to remove the contribution of vibrational
bands other than those attributed to carbon from the spectra
corresponding to the Si1−x−yGexCy film. The region between
750 and 800 cm−1 was also monitored for a peak assignable
to the Si–C stretching vibration. No absorption peak at
�800 cm−1 was observed for any of the measured SiGeC
samples, indicating the absence of SiC precipitates.17

The infrared absorption spectra obtained after subtrac-
tion for the first set of samples are shown in Fig. 1 as an
example. The spectral feature near �605 cm−1 is due to the
Si–C local mode stretching vibration of the substitutional
carbon. A full width at half maximum of about 20 cm−1 is
observed from the SiGeC sample with a low carbon concen-
tration. The linewidth of the Si–C peak increases asymmetri-
cally to higher energies with increasing carbon concentra-
tion, due to a presence of the satellite peak at �625 cm−1

�Fig. 1�. The dependence of the integrated intensity �Aint� of
the Si–C peak on the substitutional C content �y� is shown in
Fig. 2, allowing comparison with the results obtained by
Finkman et al.18 for a set of samples with a Ge content of
10%. As can be seen from this figure, all four sets of samples
investigated here fit the linear function

TABLE I. Structural parameters of the Si1−x−yGexCy thin films.

Sample
Ge content

x% �by RBS�
C content

y% �by XRD�
Thickness of SiGeC layer

�Å�

Set 1 �SX�
S1 16 0 700
S2 16 0.5 1000
S3 16 1.1 1000
S4 16 1.8 1000

Set 2 �X09�
309 13.5 0 800
409 13.5 1.1 1000
509 13.5 1.7 800

Set 3 �XX05�
1105 9 0 500
805 9.5 1.2 570
1005 10 1.8 530

Set 4 �1003/X�
1003/1 10.5 0 1080
1003/2 9.7 0.35 1550
1003/3 9.6 0.7 1550
1003/4 10.2 1.1 1040
1103 10.2 1.25 1100
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Aint = 0.39y , �1�

which is independent of the Ge content. The linear fit ob-
tained differs only slightly from the linear dependence Aint

=0.34y, obtained by Finkman et al.18 Therefore, we conclude
that the intensity of the infrared Si–C vibrational band can
indeed be used for the determination of the C content in the
substitutional sites for SiGeC layers.

B. Raman results

Raman scattering offers an advantage over infrared ab-
sorption in that no absolute intensity measurements are re-
quired. This is because the intensity of the Si–C Raman peak
at 605 cm−1 can be compared with the intensity of the
Si–Si peak near 520 cm−1 �the Si–Si mode is infrared for-
bidden�. The Raman spectrum of the Si1−x−yGexCy layer
structure is composed of four distinct features, identified as
the Ge–Ge �200–300 cm−1�, Si–Ge �350–450 cm−1�, Si–Si
��520 cm−1�, and Si–C �600–650 cm−1� vibrations �see
Fig. 3�. Due to the small film thickness, the dominant peak in
the spectrum is the Si–Si vibrational mode from the sub-
strate. In the same manner used for the infrared data, the
spectra of SiGe layers without carbon were used as refer-
ences for subtraction from the SiGeC sample spectrum.

Figure 4 shows the spectra of samples Si0.887Ge0.095C0.018

and Si0.893Ge0.095C0.012, with the Si–C vibrational mode ob-
tained after subtraction. Two Si–C peaks are seen �Fig. 4�:

the main C local peak at �605 cm−1 corresponds to substi-
tutional carbon, and the satellite peak at �630 cm−1 is as-
signed to a partial contribution from the 3nn configuration of
C atoms.12,14

Our results demonstrate that both of the peaks at �605
and �630 cm−1 change their position and intensity depend-
ing on the carbon concentration, y. There is a pronounced
linear increase in the peak position of the satellite and local
Si–C peak with concentration y �Fig. 5�, which is in agree-
ment with Refs. 18 and 21. Their dependence on the C con-
tent is

�Si–C = 623.9 + 364.2y , �2�

for the satellite peak, and

�Si–C = 604.3 + 229.3y , �3�

for the local peak. These results differ slightly from the linear
dependence obtained in Ref. 18 because a larger number of
samples with a wider range of Ge and C concentrations is
analyzed in this present work. The deviation observed could
also be due to different fitting procedures. The total intensity
of the Si–C peaks increases with carbon content, which is in
good agreement with previously published data.18 Figure 6
shows the ratio of the integrated intensities of the Si–C Ra-
man peak �at �605 cm−1� to the Si–Si peak for the SiGeC
layer, as a function of y. Data points are presented for all
four sets of samples studied here and compared with previ-
ously published data on a set of samples with a Ge content of
10%.18 The ratio of the integrated intensities of the Si–C
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FIG. 2. �Color online� Integrated intensity of the Si–C infrared peak as a
function of carbon content for all samples. Solid line is a linear fitting
function Aint=0.39y to the experimental results obtained in this work.
Dashed line is a linear fitting function Aint=0.34y obtained by Finkman et al.
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Raman peak to the Si–Si peak of the Si1−x−yGexCy layer in-
creases linearly with carbon content. The linear dependence
I�Clocal� / I�Si–Silayer� versus C content can be described by
the following equation:

I�C�/I�Si – Si� = 0.0303y . �4�

As can be seen from Fig. 6, a linear dependence for all sets
of samples with different Ge concentration is in good agree-
ment with previously published data for samples with a Ge
concentration of approximately 10%,18 as well as with re-
sults obtained in Ref. 19 for SiC alloys with C contents of up
to 0.4%. This leads to the conclusion that the dependence of
I�Clocal� / I�Si–Silayer� on y �with y in the range of 0%–1.8%�
is unaffected by the Ge content. These results confirm that
Raman spectroscopy can be used to determine substitutional
carbon concentrations in the SiGeC layer with Ge concentra-
tions of up to 16% and C up to 1.8%.

The dependence of the peak intensity ratio of the Si–C
Raman peak to the Si–Si peak of the Si1−x−yGexCy layer on y
was also investigated. The experimental data are described
by the linear function I�C� / I�Si–Si�=0.0117y. It was found
that the experimental results obtained for the peak intensities
have a better linear fit than the integrated intensities. This
could be due to the greater inaccuracies in determining the
integrated intensity of Raman spectra with two overlapping
peaks. As predicted from calculation,22 the presence of a sat-
ellite peak in the Raman spectrum is associated with ordered

carbon pairs in substitutional sites. The intensity ratio of the
carbon 3nn satellite peak to the total carbon-local-mode as a
function of C content up to 1.8% is shown in Fig. 7. The
ratio increases with carbon content as the probability of cre-
ating 3nn pairs increases, which is in agreement with the
results obtained in Ref. 18. The carbon pair is most strongly
bound at the 3nn coordination. This configuration is the one
most preferred by carbon atoms as for this geometry the
short Si–C bonds can be accommodated easily without
strong bond-bending distortion.14

Despite the absence of data points for C concentrations
�0.35%, the experimental data were fitted with a linear
function based on the fact20 that for total carbon concentra-
tions of up to 1%, carbon atoms predominantly sit on substi-
tutional sites. This enables us to consider that the ratio of the
carbon 3nn satellite peak to the total carbon-local-mode
equals zero in the absence of substitutional carbon in the
SiGeC layer. We believe that the deviation of the experimen-
tal data from the linear function is due to the fact that fitting
the Raman spectra with two curves is not very accurate, par-
ticularly at low carbon concentrations.

In this study, a reduction in the frequency of the Si–Si
peak with increasing C content was observed for all sample
sets. This is in agreement with data obtained in Refs. 7 and
18 for SiGeC samples as well as in Ref. 21 for SiC layers.
Figure 8 shows the Raman peak position of the Si–Si mode
of the SiGeC layers, for two sets of samples �XX05 and
1003/X� with approximately the same Ge content ��10%�,
as a function of C content. The Si–Si peak from the SiGeC
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layer shifts to lower wave numbers with increasing C con-
centration. The linear relationship obtained in this work is in
agreement with results obtained earlier for one set of
samples.18 However, different linear dependencies of �Si–Si

on C content are observed for samples with a different Ge
concentration. For the set of samples with 16% Ge content,
the dependence of the Si–Si peak on the C content is de-
scribed by the function �Si–Si=−0.95y+514.4, while for the
set of samples with 13.5% Ge content, the experimental data
are fitted to the function �Si–Si=−0.75y+514.9.

As expected, the shift in the Si–Si mode from the SiGeC
layer depends on the Ge content. The Si–Si peak positions
for samples with different Ge content are presented in Table
II. As can be seen from Fig. 8, and also from Table II, the
increase in Ge content in the Si1−x−yGexCy layer shifts the
Si–Si phonon peak to lower frequencies. This is in agreement
with theoretical calculations performed in Refs. 7 and 22.

The dependencies of the Si–Ge peak shift ���Si–Ge� ver-
sus carbon content for different sets of SiGeC samples are
shown in Fig. 9. ��Si–Ge is the experimental Raman shift
between the position of the Si–Ge peak from the SiGeC layer
and the Si–Ge peak for the SiGe layers. Different linear de-
pendencies of the Si–Ge peak versus C content were ob-
tained from different sets of samples with Ge contents
�10%, 13.5%, and 16% �see Fig. 9�. For low Ge content,
around �10%, an increase in the shift, ��Si–Ge, with increas-
ing carbon content is observed. For the SiGeC layer with Ge
content �13.5% we observe the opposite behavior in the
Si–Ge peak position. ��Si–Ge only slightly decreases with C
content. For higher Ge content, x�16%, the shift in the
Si–Ge peak decreases faster with the addition of carbon than
for SiGeC layers with a Ge content around �13.5%. A simi-
lar analysis of the compositional dependence ��Si–Ge�y� with
carbon content was performed in Ref. 10 for SiGeC layers

with a substitutional carbon content up to 0.5% and a Ge
content around �20% and �50%. As shown in Ref. 10,
��Si–Ge�y� increases with increasing carbon content for a
SiGeC layer with Ge content up to 50%. However, if one
considers only the data points for Ge content around 20%,
the decrease of ��Si–Ge�y� versus C content is clearly seen
from Fig. 3 in Ref. 10. This agrees with our experimental
results obtained for SiGeC layers with Ge content, x�16%.
The behavior of Ge–Ge peak was not considered in this work
due to the low Ge content �up to 16%� in the SiGeC alloys
under investigation. It has an effect on the Ge–Ge peak, but
the effect is not large enough for reliable analysis.

The composition and strain dependence of the Si–Si
phonon energies in Si1−xGex layers is also analyzed in this
work. For small values of strain, the frequency of the Si–Si
peak can be described by the expression given by Tsang et
al.,23

�Si–Si = 520 − 68x + ��Si–Si, �5�

where �Si–Si is the experimental Si–Si peak position of the
Si1−xGex layer and x is the Ge content. The term 68x de-
scribes the compositional shift in a fully relaxed film and the
last term ��Si–Si describes the shift in the Si–Si peak due
only to strain. ��Si–Si is the frequency shift between the
Si–Si peak position measured experimentally from the
Si1−xGex film and the calculated frequency of the Si–Si peak
for a fully relaxed Si1−xGex layer. It is well known, that for
small values of strain, the shift in the Si–Si phonon energy is
linear with strain, �

��Si–Si = − pSi��x� , �6�

where pSi is a strain phonon coefficient. ��x� is obtained
from the lattice mismatch between the SiGe alloy and the Si
substrate

��x� = �a�Si� − arel�Si1−xGex��/arel�Si1−xGex� . �7�

a�Si� is the lattice constant of Si �5.43 Å� and arel�Si1−xGex�
is the lattice constant of the relaxed Si1−xGex alloy with the
appropriate composition. The calculated values of ��x�,
��Si–Si and the constant pSi are presented in Table III. The
value of the constant pSi varies from 720 to 850 cm−1 for
SiGe layers with Ge content in the range of �10%–16%.
After fitting a linear function to our data, we obtained the
average value of the strain phonon coefficient, pSi
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TABLE II. The Si–Si peak position of Si1−xGex and Si1−x−0.011GexC0.011 thin
films with different Ge content.

Ge content
�%�

Si–Si peak position
of Si1−xGex �cm−1�

Si–Si peak position
of Si0.989-xGexC0.011 �cm−1�

�10 516.1 515.78
13.5 514.9 514.4
16 514.4 513.35
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FIG. 9. �Color online� Raman shift in the Si–Ge mode of the SiGeC layers
as a function of carbon content. ��Si–Ge is the Raman shift between the peak
position of the Si–Ge phonon mode for SiGeC layer and the Si–Ge mode for
SiGe layers.
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=790 cm−1. This value is in very good agreement with the
calculation performed by Rücker and Methfessel22 and it
does not differ greatly from the value of �830 cm−1 ob-
tained experimentally by Tsang et al.23 for SiGe layers with
Ge content �50%, and pSi calculated theoretically in Refs.
24 and 25. Values of pSi=730�70 cm−1 were most recently
obtained by Pezzoli et al.26 for SiGe alloys with a wide range
of Ge content, which is also in good agreement with the
value obtained in this work.

IV. CONCLUSION

A detailed study of Raman and infrared spectra of the
Si1−x−yGexCy layers with different Ge and C content was per-
formed in order to gain a better understanding of carbon
incorporation and its influence on SiGeC structures. An in-
crease in the linewidth and intensity of the Si–C peaks with
the carbon content was observed in both the infrared and
Raman spectra, which is in agreement with previously pub-
lished data, over a limited range of x and y.13,18 FTIR analy-
sis shows that the integrated intensity of the Si–C peak in-
creases linearly with the C concentration and is independent
of the Ge content, at least up to 16%. In all the Raman
experiments performed in this study, a linear dependence of
the relative Raman intensity I�Clocal� / I�Si–Silayer� versus C
content of the SiGeC samples was obtained. The relative
Raman intensities increase linearly with C content and they
are independent of the Ge content up to 16%.

We conclude that both FTIR and Raman spectroscopy
can be used as nondestructive analytical methods for the de-
termination of the amount of substitutional carbon in SiGeC
layers. However, since the Raman approach uses relative in-
tensity measurements, it is far less dependent on the sample
condition than traditional infrared methods. The satellite
peak at �630 cm−1 has been observed in the Raman spec-
trum of all samples containing C, confirming the ordering of
the C–C pairs during RTCVD layer growth. This is in accor-
dance with both theoretical predictions22 and some experi-
mental results8,18,19 obtained for SiGeC films �with lower Ge
content� grown by molecular beam epitaxy and RTCVD
techniques. It was shown that increasing the C and Ge con-
tent in the SiGeC lattice leads to a reduction in the frequency
of the Si–Si mode. The frequency of both the satellite and
local Si–C modes increases with C content. The Si–C ab-
sorption band at �800 cm−1 was not observed from any of
samples studied here, indicating that there is no carbon in the
SiC precipitate phase.
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