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Measurements of strain and composition are reported in tensile strained 10- and 30-nm-thick Si:C
layers grown by chemical vapor deposition on a Si �001� substrate. Total carbon concentration varies
from 0.62% to 1.97%. Strain measurements were realized by high-resolution x-ray diffraction,
convergent-beam electron diffraction, and geometric phase analysis of high-resolution transmission
electron microscopy cross-sectional images. Raman spectroscopy was used for the deduction of the
substitutional concentration. We demonstrate that in addition to the growth conditions, strain
accumulating during deposition, thus depending on a layer thickness, has an influence on the final
substitutional carbon composition within a strained Si:C layer. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3116648�

Strain engineering is currently used in most advanced
transistors to increase carrier mobility in active regions of
devices. For p-type devices, selectively etched regions con-
taining Si1−xGex alloys can be used to compressively strain
the silicon lattice in the channel region, thus providing en-
hanced hole mobility.1 For n-type devices, silicon needs to
be tensile strained to increase electron mobility and a pos-
sible route is to use regions of carbon-doped silicon
�s-Si:C�.2 For a Si1−yCy alloy with carbon atoms incorporated
substitutionally, the lattice parameter is reduced with respect
to silicon. However, due to the extremely low solid solubility
of C in Si under equilibrium conditions,3 the incorporation of
C atoms into substitutional sites is nontrivial and can only be
obtained by using far from equilibrium growth conditions.4–7

So far, substitutional carbon compositions Csub of a maxi-
mum of about 1% have been obtained within typical 100-
nm-thick s-Si:C layers grown by different techniques and
these are for total carbon concentrations which usually
double.4–7

It is generally believed that the relatively large concen-
trations of Csub obtained are due to some sort of increase in
the solid solubility of carbon due to kinetics factors, under
the specific growth conditions used. In this work, we will
show that in addition, the elastic energy accumulated in the
layers during growth governs the maximum attainable sub-
stitutional composition Csub. Hence, the concentration also
depends on the total thickness of the grown layer. To dem-
onstrate this, we have used a wide range of different experi-
mental techniques aimed at dosing C in its different states in
the crystal.

Strained 10- and 30-nm-thick s-Si:C films were grown
on 8-in. Si �001� substrates by chemical vapor deposition in
an industrial “reduced pressure” �ASM Epsilon®� reactor.
Films were grown at 550 °C with SiCH6 mass flow ratios
�MFRs� of 2.5, 4.9, and 7.4�10−4 and at 600 °C with an
MFR of 4.2�10−4. The total carbon concentration Ctotal, in-
corporated within these Si:C films containing substitutional

Csub and interstitial Cint carbon concentrations, was measured
by secondary ion mass spectroscopy to be 0.62%, 1.16%,
1.50% �550 °C growth temperature�, and 1.97% �600 °C
growth temperature� on multilayer samples grown under ex-
actly the same conditions.

High-resolution x-ray diffraction �HR-XRD� and trans-
mission electron microscopy �TEM� techniques were used to
obtain independent measurements of the out-of-plane strain
of the s-Si:C layers with respect to Si, defined as �zz

Si��c
−aSi� /aSi, where aSi is the bulk lattice constant of Si �0.543
nm� and c, the measured lattice constant of s-Si:C in the z
= �001� growth direction. HR-XRD was performed on a Phil-
ips X’Pert MRD system at a Cu K�1 wavelength of 1.5406
Å using a probe size of approximately 1 mm2. The out-of-
plane strain was deduced from the relative shift of the �004�
peaks.

Specimens were prepared for TEM by tripod polishing
and argon ion-beam thinning �Gatan PIPS� to about 200-nm-
thickness for convergent-beam electron diffraction �CBED�
measurements and 30-nm-thickness for HRTEM observa-
tions. Both techniques were performed on the SACTEM-
Toulouse, a Tecnai F20 �FEI� operating at 200 kV, equipped
with an imaging aberration corrector �CEOS� and imaging
filter �Gatan GIF Tridiem�. The probe size for CBED mea-
surements was 2 nm. Strain was determined by comparing
the broadening and displacements of higher-order Laue zone
�HOLZ� lines with finite element modeling and dynamical
elastic scattering simulations.8

Geometric phase analysis �GPA� of the HRTEM images9

was used to directly map the distribution of �zz
Si, within the

whole structures with nanometer resolution and high preci-
sion of 0.1%.10,11 Image analysis was carried out using GPA
Phase 2.0 �HREM Research, Inc.� a plug-in for the software
package DigitalMicrograph �Gatan�. Thin film relaxation
was corrected for by assuming that strains were fully relaxed
in the viewing direction.12

The in-plane strain relative to the bulk lattice parameter
of Si:C �xx, which is actually the negative misfit −f was thena�Electronic mail: nikolay@cemes.fr.
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calculated from the measured �zz
Si using the following expres-

sion:

�xx = − f �
ain-plane − aSi:C

aSi:C = − �zz
Si�2

C12
Si:C

C11
Si:C + �zz

Si + 1�−1

,

�1�

where C12
Si:C and C11

Si:C are elastic constants and aSi:C is the
lattice constant of relaxed Si:C, ain-plane is the in-plane lattice
constant of s-Si:C equal aSi in our case. The elastic constants
were calculated using the linear interpolation between elastic
constants of �-SiC �Refs. 13 and 14� and Si.

The results for the in-plane strain are plotted in Fig. 1�a�
as a function of Ctotal. Their good overall agreement is proof
of the reliability of the different techniques, and also of the
excellent strain homogeneity in these layers given the wide
range of probe sizes of the different techniques. For the 10-
nm-thick layers �xx increases continuously with Ctotal, as ex-
pected. While for the 30-nm-thick layers �xx follows a simi-
lar trend up to Ctotal=1.5%, for Ctotal=1.97%, the strain is
surprisingly even less than for Ctotal=1.5%. For comparison,
we have also plotted in Fig. 1�a� the predicted lattice param-
eters given by Kelires15 for fully substitutional Si1−xCx alloys
�which deviate significantly from Vergard’s law� a�x�=aSi

−0.24239x+0.05705x2. Our experimental results are well-
described by these predictions for Ctotal up to 1%, but then
tail off. The results suggest that the carbon is indeed not fully
substitutional.

For more direct information concerning the substitu-
tional carbon concentration Csub, we have performed UV Ra-
man spectroscopy using an excitation source of 363.8 nm
�penetration depth less than 15 nm�. The shift �� was mea-
sured between the positions of the peaks associated with the

Si–Si vibration modes in the 30-nm-thick s-Si1−yCy layers
and in the Si substrate. Using the values of �xx determined by
XRD and TEM results, the Csub within the s-Si:C layers can
be deduced from the relation ��= +210�Csub−780��xx.

16

The results of the Csub as a function of Ctotal obtained
from Raman spectroscopy for the 30-nm-thick layers are
plotted in Fig. 1�b� �open triangles�. For consistency, the re-
sults of the Csub as a function of Ctotal deduced from the
strain measurements are also shown in Fig. 1�b� �open
squares�. It can be seen that they are in good agreement with
the Raman spectroscopy results. Consequently, the results of
the Csub as a function of Ctotal deduced from the strain mea-
surements for the 10-nm-thick layers are also expected to be
close to reality �Fig. 1�b�, solid squares�. For both layer
thicknesses, the Csub tails off with increasing Ctotal �see inset
in Fig. 1�b��. For 10-nm-thick layers, the ratio Csub /Ctot dips
below 100% from the concentration of Ctotal=0.97% on-
wards. The effect is even more pronounced for the 30- nm-
thick layers. As more carbon atoms are incorporated in the
layers, a larger fraction of them tends to occupy nonsubsti-
tutional sites. Indeed for the highest concentration of 1.97%
Ctotal, only 50% of the carbon is on substitutional sites.

GPA shows that the strain is homogeneous in the layers
from the substrate to the surface. Since the ratio Csub /Ctotal

decreases during the growth of the layer it requires that a
fraction of carbon atoms initially sitting on substitutional
sites is ejected from these sites as the growth proceeds. The
ratio Csub /Ctotal is therefore controlled by the elastic energy
stored in these layers.

The elastic energy of a t-thick s-Si:C layer is given in the
isotropic elasticity approximation17 by

Eel =
2G�1 + ��

1 − �
· t�xx

2 , �2�

where G is shear modulus and � is Poisson ratio of the layer
material. The elastic properties of s-Si:C layers are close to
that of pure Si, since only a small concentration of C atoms
is diluted within Si matrix. Thus, approximately similar criti-
cal layer thickness tcrit exists for a tensile s-Si:C/Si layer, as
it exists for a tensile s-Si/�relaxed Si1−xGex� layer with the
same in-plane strain.

The latter condition is satisfied between s-Si0.99C0.01 /Si
and s-Si /Si0.883Ge0.117 layers. The tcrit of a s-Si /Si0.8Ge0.2
layer is about 14 nm.18 Using these data, the dependence of
tcrit of a tensile s-Si1−yCy /Si layer on the Csub was calculated
�Fig. 2�. It follows that the deposited 30 nm layer thickness is
well below an expected tcrit for Csub=Ctotal=0.62% and it
exceeds the tcrit for the Csub higher than 1.15%. For Csub

=Ctotal�1.97% the deposited 10 nm layer thickness is close
to an expected tcrit.

FIG. 1. Strain measurements in s-Si:C layers grown pseudomorphically on
Si �001�. �a� In-plane strain �xx calculated from the experimental results
obtained by different techniques and predicted values for fully substitutional
Si1−xCx alloys �Ref. 13�. �b� Csub obtained by Raman spectroscopy �tri-
angles� and deduced from strain measurements �squares�. The ratio
Csub /Ctotal is shown in the inset.

FIG. 2. Critical layer thickness tcrit as a function of Csub in s-Si:C layers.
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Since no misfit dislocations associated with the strain
relaxation are observed here or elsewhere,3–7 the observed
transformation of substitutional carbon atoms into intersti-
tials during layer deposition seems to be the mechanism for
strain relaxation. These interstitials can further precipitate in
the form of three-dimensional �3D� pyramidal defects �Fig.
3�, which are found in all the s-Si:C layers containing 1.5%
of carbon or more. Defects have 4�111	 sides and a bubble
prominent at about 3–4 nm distance above the surface.
Weak-beam dark-field imaging shows that in the 30-nm-
thick samples, these defects appear at approximately 10–15
nm from the s-Si:C/Si interface. Their size �base width of
about 20–25 nm� appears to be independent of the Ctotal,
while their density increases from 1.2�109 to 3
�109 cm−2, as the Ctotal increases from 1.5% to 1.97%. In
the respective 10-nm-thick samples, their density increases
from 5�108 to 1�1010 cm−2 but they are much smaller
�base width of 4–5 nm�.

An upper estimate of the amount of carbon that could
be contained in these defects can be obtained by assuming
an atomic density of carbon in their interior of 1.76
�1023 cm−3. The volume fraction occupied by the defects
between the 10- and 30-nm-thick layers with Ctotal=1.97%,
taking into account the defect shape, size, and density, is
approximately 0.09%–0.13% and 0.15%–0.25%, respec-
tively, which results in overall carbon concentrations of
0.3%–0.4% and 0.6%–0.9%, respectively. In reality, the
amount of carbon that can be incorporated in these defects
will be less but the values are consistent with the concentra-
tions of carbon interstitials that can be calculated from the
graph in Fig. 1�b�, i.e., Cint=0.4% and 0.9% in the 10- and
30-nm-thick samples, respectively. However, there is no evi-

dence from the analysis of HRTEM images that these pyra-
midal defects contribute directly to relaxation of strain in the
layers.

It was experimentally justified that the Csub within a Si:C
alloy can be correctly deduced from the Kelires’ law. For a
given Ctotal, the increase of a s-Si:C layer thickness results in
the increase in its elastic energy. The overcoming of its tcrit

gives rise to a partial layer strain relaxation through the
transformation of substitutional carbon atoms into intersti-
tials with their further precipitation in form of 3D pyramid-
like defects.

This work was partially supported by the European
Commission through the PullNano �Pulling the limits of
nanoCMOS electronics, Contract No. IST-026828�.
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