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Lattice distortion in a strain-compensated Si,_.,_,Ge.C, layer on silicon

B. Dietrich, H.J. Osten, H. Riicker, M. Methfessel, and P. Zaumseil
Institute for Semiconductor Physics, P.O. Boz 409, D-15204 Frankfurt (Oder), Germany
(Received 1 February 1994)

A number of Si;_._,Ge.C, layers with different concentrations of Ge and C were grown by
molecular-beam epitaxy on a Si(001) substrate to investigate the possibility of strain compensation.
The layers were characterized by transmission electron microscopy, x-ray diffraction, and Raman
scattering and modeled using a valence-force field model. For a [Ge]/[C] ratio of approximately 10,
the lattice constant in the growth direction is equal to that of the substrate, indicating the absence
of macroscopic strain. Experimental and theoretical results are compatible with Vegard’s rule. The
bond lengths in the alloy exhibit a significant relaxation away from the ideal “chemical” value as
given by the sum of the corresponding covalent radii. The measured shifts of the Raman frequencies
relative to the constituents cannot be understood in a straightforward description based purely on
the softening or hardening of the interatomic bonds as deduced from the Griineisen parameters.

I. INTRODUCTION

Recently it was shown that small amounts of iso-
electronic carbon added to a Si;_.Ge, layer can pro-
vide an additional design parameter in manipulating the
strain.!»? The Si-C bond length is much smaller than the
bond lengths in a Si;_.Ge, alloy. Osten et al.® exploited
this to grow an inversely distorted lattice by adding 1.6%
carbon to a Si;_,Ge, layer with a germanium concentra-
tion of 10%. The tetragonal distortion of such a lattice
is associated with tensile stress instead of the usual com-
pressive stress present in pseudomorphic Si;_Ge, layers
on silicon substrates. In such an inversely distorted sys-
tem the distance of the lattice planes in the growth direc-
tion is smaller than in the interface plane, which equals
the silicon lattice spacing for perfect pseudomorphy. One
especially interesting feature in manipulating strain in
pseudomorphic Si;_,Ge, layers by adding carbon is the
possibility of strain compensation to zero misfit. The
perpendicular lattice constant of such a layer equals that
of cubic silicon. Consequently the splitting in the valence
band edge in a two-fold and four-fold degenerate valley
observed for strained Si;_.Ge, should disappear.

In general terms, a ternary Si-Ge-C alloy is quite dif-
ferent from Si;_.Ge, because of the much shorter Si-C
and Ge-C bond lengths, possibly leading to large lattice
distortions near the carbon atoms. The microscopic ar-
rangement of atoms in Si, _,Ge,, as measured in terms of
the bond-length distributions, is still under debate. The
two limiting cases? are Pauling’s model (in which each
bond has a characteristic “chemical” length independent
of the environment) and the “Vegard’s rule” picture (in
which all atoms lie on a perfect diamond lattice with
an average lattice constant). A recent extended x-ray-
absorption fine-structure (EXAFS) measurement® sup-
ports the Pauling picture, whereas most theoretical ap-
proaches predict about 30% to 40% relaxation towards a
common bond length.

In this paper we present the growth and characteri-
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zation of a Si;_._,Ge,C, layer on a Si(001) substrate
which is almost strain compensated and shows the same
perpendicular lattice constant as the silicon substrate.
We will discuss the results of transmission electron mi-
croscopy (TEM), x-ray diffraction, and Raman spec-
troscopy on this sample. The measured samples were
simulated using a modified valence-force (Keating) model
which includes anharmonic effects. This permits a de-
tailed analysis of the bond lengths in the strained alloys.
The results confirm the previously predicted deviation
from the ideal Pauling description. By comparing the cal-
culated bond lengths in the various alloys with the mea-
sured phonon frequencies, we conclude that the phonon
shifts upon alloying cannot be explained in a simple pic-
ture in which the bonds soften or harden in response to
changes in their length.

II. EXPERIMENTAL RESULTS

The layers were grown in a solid source molecular-beam
epitaxy (MBE) equipment using a pyrolytic graphite-
filament sublimation cell as a solid carbon source. The
used growth procedure has been described in detail in
Ref. 3. Three samples with the intended compositions
given in Table I were grown on a p-type Si(001) sub-
strate following the deposition of an 80 nm thick 2-Si
buffer layer.

Osten et al.® calculated the resulting misfit in a
Siy—2—yGe,C,/Si heterostructure assuming the validity
of Vegard’s law for both Ge and C alloying. The aver-

TABLE I. Composition of the prepared Si;—.—,Ge.C, lay-
ers.

Sample Ge content = C content y Layer thickness
a 0.00 0.009 150 nm
b 0.11 0.009 200 nm
c 0.11 0.012 120 nm
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age tetragonal deformation vanishes at a [Ge]/[C] ratio
of about 10. This result agrees very well with recent
investigations by Im et al.5° These authors studied the
strain-compensation effect by C atoms in solid phase epi-
taxy growth of Si;_,Ge, alloy layers using sequential ion
implantation. In our experiment the [Ge]/[C] ratio was
kept constant during the growth process by controlling
the source temperature of the Ge effusion cell and the
input power of the sublimation cell. The Ge content in
sample ¢ was measured as ¢ = 0.11 after growth in an
x-ray microanalyzer using the STRATA software.

The strain was measured in an x-ray double-crystal
diffractometer (DCD) using Cu Kal radiation and the
symmetrical 400 reflection:

a; — as; AO (1)
€] = ~ —
+ as; tan@B’

where €, and a, are the strain and the lattice constant
of the layer measured in a direction perpendicular to the
sample surface, ag; is the lattice parameter of the Si sub-
strate, A® the angular distance between the silicon sub-
strate and the layer peak in the DCD rocking curve, and
©p the Bragg angle of the used reflection.

Figure 1 shows rocking curves of the three differ-
ent samples with Si;_,C, (curve a) and Si;_,_yGe,C,
(curves b and c) layers. The incorporation of carbon into
the Si lattice results in a smaller lattice constant which
leads to the occurrence of the layer peak at A® > 0
in the rocking curve a in Fig. 1. In the Si;_,_,Ge,C,
system the effect of Ge to increase the average lattice
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FIG. 1. Double crystal diffractometer rocking curve of
three Si samples with embedded Si; —,C, and Si;_.-,Ge.Cy
alloy layers measured using Cu Kal radiation and the sym-
metrical 400-reflection: (a) 150 nm Sig.99Co.009; (b) 200 nm
Sio.s81Geo.11Co.009; (¢) 120 nm Sio.s78Geo.11Co.012-
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constant can be compensated by carbon. Curve b in
Fig. 1 shows a partial and curve c a nearly complete com-
pensation of the strain. Additional triple-crystal diffrac-
tometer (TCD) measurements were performed to detect
defect-related diffuse scattering. They indicate a good
structural perfection of the samples. In comparison to
a perfect Si substrate we did not find a significant dif-
ference in the amount of diffuse scattering. The x-ray
diffraction correctly measures the lattice constant. This
was derived by Hirtwig and Holy”? from the dynamical
theory of x-ray diffraction. The average is taken over a
distance equal to the extinction length of x rays, which
is of the order of micrometers.

The layers were also investigated in a transmission elec-
tron microscope (Philips CM 30) operating at 300 kV.
Samples were prepared by chemical jet etching and ion
milling. Both plan-view and cross-sectional TEM inves-
tigations (Fig. 2) indicate that the layer is free of dis-
locations and stacking faults. We also did not find any
formation of precipitates.

Raman measurements were performed at room temper-
ature in backscattering z(z’,y')Z geometry using a Dilor
zy triple-grating spectrometer where z’ is the crystallo-
graphic [110] direction and y’ is the [110] direction. The
microscopic entrance optics and a charge-coupled device
(CCD) multichannel detector were used. The scattering
was excited with the 457.9 nm and 514.5 nm lines of an
Art ion laser. The laser power at the sample surface
was less than 10° W/cm?. Overview spectra were mea-
sured in the subtractive mode. The line shift of the Si-Si
Raman line was determined from measurements in the
additive mode.

Supplementary Raman measurements were performed
on cross-sectioned pieces of sample c in y'(z,z')y and
y'(z',2')¥ geometries to examine the Si;_, ,Ge.C,
layer for a tetragonal strain. The Si-Si mode would split
in both scattering geometries under an existing biaxial
strain.

A spectrum of the sample ¢ is shown in Fig. 3. The
strongest line at 520.5 cm™! is the bulk Si mode. At
514.0 cm~! the Si-Si mode of the layer appears. It is
shifted to smaller wave numbers from the bulk silicon
by 6.5 cm ™! due to the germanium content and perhaps
to elastic strain, as is known for Si;_,Ge, layers.® The
weaker peaks at 437, 407.4, and 287.2 cm ™! are the two

FIG. 2. Transmission electron micrograph of a
cross-sectional cut through sample c. The silicon substrate
is at the bottom. A thin marking line separates it from the
silicon buffer layer in the middle. The Si;_._,Ge.Cy layer is
seen on the top. It is darker due to the Ge content.
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FIG. 3. Raman spectra of the Sig.s78Geo.11Co.012 sample.
The upper curve shows weak peaks at 287.2 cm™' (Ge-Ge),
at 407.4 and 437 cm™! (Si-Ge), and the localized mode of
the Si-C at 608.2 cm™!. The bottom curve shows a high
dispersion spectrum of the Si-Si modes in the substrate (520.5
cm™') and in the Si; —z—,Ge.Cy layer (514.0 cm™'). Intensity
is plotted in arbitrary units.

Si-Ge and the Ge-Ge modes of the alloy. So far the spec-
trum corresponds well to known Si;_,Ge,, spectra for z =
0.11. The broad weak peak at 608.2 cm ™! is the localized
12C-285i mode overlapping the weak two-phonon peak of
the p-type substrate. Furthermore, the broad low fre-
quency wing of the bulk Si mode covering the 475 cm~?!
region is caused by the C alloying. This spectrum corre-
sponds well with the one published by Tsang et al.® for
a Si;——yGe,Cy layer with the exception that the local-
ized C-Si mode is broader here and that an asymmetrical
broadening occurs at 475 cm™!.

The observed Raman line shift of the Si-Si mode in
the strain-compensated Si;_,_,Ge,C, layer of sample c
is given in Table II together with the corresponding line
shifts of free-standing and pseudomorphically strained
Si;_,Ge, alloys with the same Ge content. The shift
of the Si-Si mode in free-standing Si; _.Ge, alloys is in-
terpolated from the data of Alonso and Winer.!° Mea-
sured data for the dependence of the Si-Si mode in pseu-
domorphically strained SiGe alloys are summarized in
Ref. 8. In a free-standing SipggGep.11 alloy the Si-Si
mode is shifted by Awayey = —7.6 cm~! against the
Si-Si mode in the Si substrate.'® The pseudomorphic
growth of the Sig.g9Geg.11 layer on a silicon substrate
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generates a biaxial strain causing an additional strain-
induced shift of Awelast = +3.76 cm™1. The resulting
total shift is Awt = —3.84 cm™!. The measured Ra-
man shift Aw = —6.5 cm™! from the Sig.s878Gep.11Co.012
layer is significantly larger than the value for the pseudo-
morphic layer and close to the value for the free-standing
Si;_5Ge, alloy. Furthermore, there is no significant dif-
ference between the measured Raman shifts in backscat-
tering from faces parallel and perpendicular to the layer
surface. This proves the absence of a tetragonal distor-
tion in agreement with the x-ray measurements.

For the discussion below, we emphasize the compar-
ison between the free-standing (strain-free) Sig seGeo.11
and Sig.g78Geg.11Co.012 systems, whose Si-Si frequencies
are shifted by, respectively, —7.6 and —6.5 cm™?! relative
to the pure Si crystal. The measured frequency shifts
were converted into those of the strain-free alloy using
the relations given by Anastassakis.!! Thus, the effect on
the frequency when adding carbon is much smaller than
for germanium, although the magnitudes of the change
in crystal volume are the same.

III. CALCULATIONS

To study the elastic strain fields of Si;_._,Ge.C, al-
loys, a valence-force field (Keating) model'? is useful.
The central property of the alloys considered here is
the large inherent strain because the constituent atoms
have very different sizes. We expect some bonds signifi-
cantly stretched so that anharmonic effects become im-
portant. In order to describe anharmonic effects within
the valence-force field model we have introduced a bond-
length dependence of the interatomic force constants a
and 3. The strain energy!?

3 2
E=Y)" aij(wij)ljcr—?j (z% — %)

i,j

2
3 1

+ Z ﬁijk(l'ij’xik)m(xijxik + grij"'ik) (2)
i

i,5,k>] '

is modeled by the force constants a and (B describing
bond stretching and bond bending forces, respectively.
The index i denotes the sum over all atoms with nearest
neighbors 5,k = 1,...,4 and z;; and r;; are the strained
and unstrained bond lengths, respectively. The parame-
ters of the valence-force field model (Table IIT) were fitted
to the results of ab initio total energy calculations for Si,

TABLE II. Raman shifts of the Si-Si mode in Si;--Ge, and Si1_._,Ge.C, layers relative to the

Si-Si mode in bulk silicon.

Scattering geometry Sio.s0Geo.11"

Sio.tss;Greo.u/Sib Sio.s78Geo0.11Co.012°

strain-free pseudomorphic strain-free
z(z',y")z -7.60 cm™! -3.84 cm™’ -6.50 cm ™!
v (z,z')y -7.60 cm™?! -4.81 cm™! -6.52 cm™?!
y'(z',z')y -7.60 cm™! -4.81 cm™! -6.94 cm™!

2Intrapolated from Ref. 10.
PReference 8.
°Present measurements, sample c.
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TABLE III. Atomic force constants for bond stretching
and bond bending in diamond and zinc-blende structures of
group IV elements in atomic units.

Ge SiGe Si GeC SiC C
a 0.050 0.053 0.061 0.096 0.114 0.192
B 0.015 0.016 0.018 0.033 0.038 0.109

Ge, C, and the zinc-blende phases of SiGe, SiC, and GeC
under various strain conditions. From the calculation
of the elastic constants for diffent lattice constants we
have concluded that the bond stretching force constant
a scales as ~% whereas the bond bending force constant
B scales as £~7. The geometric mean of the bond bend-
ing force constants in the zinc-blende structures AB and
AC is taken for those B3;;r where the sites i, j, k are oc-
cupied by atomic species A, B, and C, respectively. The
details of the model will be presented elsewhere.!® All
ab initio energies were obtained using the full-potential
linear muffin-tin orbital method.*

The calculated bond-length distributions given by the
model are shown in Flg 4 for Sio.gggco.olz, Sio_ngeo.ll,
and Sig.g78Geo.11Co.012 layers grown pseudomorphically
on Si(001). The bond-length distribution was calcu-
lated by relaxing the atomic positions in a periodically
repeated cluster of 2000 atoms with a random occupa-
tion of the lattice sites with Si, Ge, and C atoms and
a subsequent averaging over twenty configurations. The
Si; . Ge, alloy layer exhibits peaks at three characteris-
tic bond lengths corresponding to the Si-Si, Si-Ge, and
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FIG. 4. Calculated bond-length distributions

for Sio.98Geo.11, Sio.088Co.012, and Sio.s78Geo.11Co.012 layers
pseudomorphically strained onto the Si(001) substrate. The
curves of Si-C, Ge-Ge, and Ge-C were multiplied by factors
of 10, 10, and 50, respectively.
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Ge-Ge bonds. The average Si-Si bond length is close to
the value of unstrained bulk Si. The lattice constant in
the growth direction of the biaxially strained Sig ggGeg.11
layer is a; = 1.0077as; where ag; is the Si lattice con-
stant. The smaller C atoms incorporated into the lattice
of the pseudomorphic Sip 98sCo.012 layer reduce the aver-
age volume of the alloy. Therefore the layer is biaxially
strained and the lattice constant in the growth direc-
tion is reduced to a; = 0.9915as;. The majority of Si-Si
bonds in the Sip.988Co.012 alloy layer have a length close
to the Si bulk value. The additional peaks appearing in
the Si-Si bond-length distribution are related to bonds in
the neighborhood of the C atoms. The Si-C bonds are
stetched by about 7% with respect to the bond length
in cubic SiC. The global strain is almost compensated in
the Sig.g78Geg.11Co.012 alloy layer as can be seen from the
calculated lattice constant a; = 0.9992as;. Local strain
fields due to the incorporation of C broaden the Si-Si, Si-
Ge, and Ge-Ge peaks by elongating bonds close to the C
atoms. The calculated perpendicular lattice parameters
of the considered Si;_,_,Ge.C, alloy layers are all in
close agreement with the values obtained from Vegard’s
law in conjunction with the elastic theory.

IV. DISCUSSION

The experimental results and the valence-force field
model are consistent in that both are in accord with Ve-
gard’s rule as applied to a mixture of Si, Ge, and C atoms.
Our purpose is to use the model to supply detailed infor-
mation about the atomic arrangement which is difficult
to obtain experimentally. For example, we can determine
the typical bond lengths between the different species
in the alloy (Fig. 4). As has been discussed in Ref. 4,
these are expected to lie between two limiting cases which
are associated with Pauling and Vegard, respectively. In
Pauling’s picture, the bond length R4p between atoms
of species A and B is transferable and does not depend
on the environment. In the second description, all atoms
are assumed to lie on an ideal lattice. All bond lengths
are then equal and the lattice constant comes out to the
concentration-weighted average, giving a straightforward
explanation of Vegard’s rule. Note, however, that Paul-
ing’s picture is also consistent with a linear dependence
of the lattice constant on the concentration. For a crystal
A,_. B, with the appropriate covalent radii r4 and rp
we obtain an average bond length

Rey = (1 —z)2Raa +22(1 — z)Rap + z°RpB
=2(1 - z)ra + 2zrp, (3)

where the bond length Rxy equals rx +ry for each case
XY = AB, AA, or BB and a stochastic distribution of
A and B atoms was assumed.

A dimensionless constant € expresses the degree of re-
laxation from the common “Vegard” bond length (case
€ = 0) towards Pauling’s “chemical” values (for € = 1).
Following Ref. 4 we take
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Rxy - R
— R;( Y - Ra.v’ ( 4)
XY av

where R, is the average bond length of the alloy as given
by Vegard’s rule, Rxy is the observed characteristic bond
length in the alloy, and R%, is the X-Y bond length
in the ordered (zinc-blende or diamond structure) XY
compound. For a binary alloy in which Ryy depends
linearly on the B concentration z, the parameter € is
independent of z and is related to the slope by

dRxy(z) _ dR.,

dzx =(1-9 dz
where RY and R}, are the bond lengths in the pure A and
B crystals. Figure 5 illustrates this for the Sil;_,Ge, al-
loy as obtained using the valence-force field model. We
find that each characteristic bond length does in fact de-
pend linearly on the concentration and obtain values of
€ of 0.67, 0.68, and 0.68 for the Si-Si, Si-Ge, and Ge-
Ge bonds, respectively. This is in disagreement with
recent EXAFS measurements® which essentially repro-
duce Pauling’s picture for the considered Ge-Ge and Si-
Ge bonds, that is, ¢ = 1. In view of this discrepancy,
it is useful that the Si-Ge system has been studied ex-
tensively in the framework of the ab initio pseudopoten-
tial method,'® giving € values of 0.71, 0.72, and 0.70 for
the three bond types. Given the well-known accuracy of
the local-density method in calculating bond lengths, we
tentatively assume that our valence-force field model de-
scribes the geometry of the alloy well, without speculat-
ing about the origin of the discrepancy with the EXAFS
measurement.

This puts us into the position to consider the connec-
tion between the bond lengths in the alloy and the ob-
served shifts of the phonon frequencies. In the following
we consider the strain-free Si;_,_,Ge,C, alloys (see the
end of Sec. II) to avoid complications due to biaxial dis-
tortion. It is well known that the Si-Si mode is softened

(1-€)(Rp - RY), (5)

Bond length (A)

Ge content x

FIG. 5. Variation of the Si-Si, Si-Ge, and Ge-Ge bond
lengths (full lines) in a Si;_,Ge, alloy as function of the
germanium content as calculated with the valence-force field
model (diamonds). The dashed line corresponds to the “Veg-
ard” limit of a common ideal lattice; the dash-dotted lines cor-
respond to Pauling’s picture of transferable “chemical” bond
lengths.
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substantially when Ge is added to the crystal.1%16 The
most interesting point in the present result is that further
addition of C to such an alloy does not cause a signifi-
cant additional shift of the Si-Si frequency despite the
change in crystal volume. The success of the Keating
model in describing semiconductors shows that lattice
dynamics can be understood in term of short-range force
constants. For the optical I' mode, the bond stretching
force constant @ dominates. This becomes softer when
the equilibrium bond length is increased and harder when
it is reduced as described by the Griineisen parameter.
While this is clearly an important ingredient to under-
stand the phonon shifts upon alloying, the comparison
of experiment and theory shows that further effects must
be taken into account. The simplest possible model, esti-
mating the shift from the average alloy lattice constant,
can in fact reproduce® the Si-Si frequency in Si;_,Ge,
but contradicts the analogous softening!® of the Ge-Ge
mode when the Si content is increased. It also fails for
the phonon shift when C is added to the Si-Ge alloy;
while the volume is reduced back to the silicon value, the
frequency shift due to germanium is not compensated. In
any case, this simple description is doubtful since it im-
plicitly is based on the “Vegard” limit for the alloy bond
lengths, which has been shown to be invalid by theory as
well as by experiment.®

A more sophisticated description could estimate the
phonon shifts in a similar manner, but deduces the bond
softening or hardening from the calculated realistic bond
lengths. In a real crystal, bond lengths relax towards
the “Vegard” limit to some extent, but still lie closer to
the “chemical” value. Therefore, adding Si to a Ge crys-
tal shortens the Ge-Ge bond, albeit by a smaller amount
than in the “Vegard” description. This means that the
Griineisen estimate still gives the wrong sign of the Ge-
Ge mode shift even if a realistic bond-length behavior
is introduced. On the other hand, this approach cannot
reproduce the phonon shift when carbon is added, ei-
ther. By direct inspection of the calculated bond-length
distributions, we find that the Si-Si distance equals that
of pure silicon for the strain-compensated Si;_,_,Ge,C,
alloy whereas it is larger by 0.15% for Sip.g9Geg.11. The
Griineisen estimate consequently predicts incorrect shifts
of zero and —2.3 cm™1, respectively. From this we con-
clude that a simple description based on the softening
via the Griineisen parameter describes only one contri-
bution to the phonon shift and that further effects must
be included.

V. SUMMARY AND CONCLUSIONS

A strain-free Si; _._,Ge,C, layer was grown on Si(001)
by choosing the concentrations z,y such that the volume
changes due to the germanium and carbon atoms com-
pensate. This case was obtained for £ = 0.11 and a value
of y estimated to be about one-tenth of the germanium
concentration, in agreement with Vegard’s rule. By com-
paring the measured Raman frequencies with the atomic
arrangement obtained from a valence-force field model,
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the connection between the phonon shifts and the inter-
atomic bond-lengths was investigated. This showed that
it is not possible to interpret the frequencies by trans-
lating the bond-length distortions into phonon shifts via
the Griineisen parameter.
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FIG. 2. Transmission electron micrograph of a
cross-sectional cut through sample ¢. The silicon substrate
is at the bottom. A thin marking line separates it from the
silicon buffer layer in the middle. The Si;_._,Ge.C, layer is
seen on the top. It is darker due to the Ge content.



