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Lattice parameter in Si ;_,C, epilayers: Deviation from Vegard’s rule
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The precise C content of a series of SiC, epilayer samples (€y<0.012) was determined by

resonant backscattering experiments usifige" ion beam at 5.72 MeV. This beam energy is more
suitable for the determination of the C content than the previously used 4.265 MeV. From the
correlation of these investigations with x-ray diffraction experiments, a significant deviation of the
lattice parameter variation in Si,C, from Vegard's rule between Si and diamond®6iC was
observed, which amounts up to 30% or 13%, respectivelyyf00.012. This negative deviation is

in agreement with recent theoretical predictions by Kelires.1998 American Institute of Physics.
[S0003-695(198)01713-9

The incorporation of carbon into Si or SiGe provides tigations we employed th#C(a,)**C resonance at a He
additional flexibility for the group IV-based heterostructure beam energy of about 5.72 Me\° which allows a much
design. In contrast to pseudomorphic Si/SiGe, structures  |ess ambiguous C concentration profile determination. The
in which the band offset occurs mainly in the valence bandiattice constant in the epilayers is measured by XRD rocking
it has been established that SYSjC, structures have a scans. From the comparison of the two methods a consider-
type-I band alignment with the offset mainly in the conduc-able negative deviation from Vegard's rule in the variation of
tion band? Due to the huge lattice mismatch between dia-the |attice constant with C content is observed.
mond, zinc-blende type silicon carbidg-SiC) and Si, al- The Sj_,C, samples were grown by solid source MBE
ready small amounts of substitutionally incorporated C, giveusinge-beam evaporators for Si and C.(®D1) wafers were
rise to a substantial tensile strain in pseudomorphjc &,  RCA cleaned ex situand thermally cleaned at 900 °C in the
layers on Si. This effect can be exploited fog Si_,GgC,  growth chamber. A Si buffer layer of 100 nm was grown
heterostructures lattice matched to Si substrates by choosinghile the substrate temperature was decreased from 600 °C
a strain-compensating ratio afy~11. However, the bulk to the growth temperature of the 1S|C, epilayers of
solubility of C in Si is only about % 10'" cm™ at the melt- 500 °C. Three Si.,C, layers with adjusted thicknesses of
ing point. C can be incorporated into substitutional lattice100, 150, and 300 nm and C/Si flux ratios of about 1.0%,
sites up to a concentration of few atomic peréémnly with  0.7%, and 0.4% were deposited at a growth rate of approxi-
growth techniques far from thermodynamic equilibrium, mately 0.1 nm/s. Recently it has been found that under these
such as molecular beam epitagIBE) or chemical vapor growth conditions and C contents the carbon incorporation is
deposition(CVD). fully substitutional*?> A Si cap layer of the order of 150 nm

For the determination of the Ge and C contents ofwas grown on top of the samples, which allows for a sepa-
Sih_,Ge, Si_Cy, and Sj_, ,GegC, epilayers x-ray dif- ration of the rBS signal from the surface carbon contamina-
fraction(XRD) is the standard technique. By XRD, however, tion and the signal from the Si,C, epilayers. Due to the
the lattice spacings are determined, and not directly the @eometrical arrangement of the sources in the MBE system
and Ge contents of the epilayers. Thus the calculation o&dnd because the substrate was intentionally not rotated dur-
these values requires assumptions on the variation of the laing growth, the samples exhtbda C concentration gradient
tice parameters and of the elastic constants wiindy. The  across the wafer. Three pieces from different substrate posi-
lattice parameter in the Si,Ge, system has been deter- tions were cleaved from each sample giving nine specimens
mined for most of the composition range experimentlly, with different C concentrations.
and shows only minor deviations from linearity. Therefore, Backscattering experiments have been performed at the
lacking reliable experimental data for the, SjC, system, a  Laboratori Nazionali di LegnargLNL) using “He" beams
linear interpolationVegard'’s rulg between the values of Si delivered by the 7 MV CN Van der Graaff accelerator. A
and either C(diamond or SiC (B-silicon carbid¢ has com- beam energy of 5.72 MeV was used. Around this energy a
monly been assumed to be justified. Recent theoretical catesonance in the elastic reactitiC(a,a)*?C occurs increas-
culations predict, however, a deviation from Vegard's rule,ing the scattering cross section by a factor of 120—130 with
even for small carbon concentratichk this letter the sub- respect to the Rutherford valdé® The width of this reso-
stitutional carbon content of pseudomorphig SC, epilay- ~ nance is much larger=5% variation within 170 keythan
ers (y<0.012) is determined by resonant backscatteringor the 4.265 MeV resonancé&+5% variation within 12
(rBS, i.e., a non-Rutherford elastic scattejinip contrastto  keV, see inset of Fig. )l so that a nearly constant cross
former attempts at the 4.265 MeV resonahéén our inves-  section is obtained over Si thicknesses of several hundreds of
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EIG' 1 @ Backscatte_ring spectra of the sample with C contgnt FIG. 2. XRD rocking scans around th@04) Bragg reflection of three
=0.0092 (dots and a virgin Si sample used as standard for backgroundgpjayers (dots: measurements, solid lines: simulationsrrows indicate
subtraction(solid line). (b) Magnification around the scattering energy for C e\ hositions corresponding to epilayers with the same C concentrations as
atoms at the surfac&(cE,) and result of the subtractidfower signal. The  given, but assuming a variation of the relaxed lattice constant according to
peak atkcEq stems from the surface carbon contamination. The inset inyegard's rule between Si and C, and between Si G8IC.

panel a shows the enhancement in scattering cross section above the Ruth-

erford value for the resonances with maxima at 4.265 Mdbts, energy

scale at bottomnand 5.72 MeV(squares, energy scale at Jopspectively.  verified that the samples were grown fully pseudomorphic.

Figure 2 showg004) rocking curves of three samplégots),

nm. This fact allows an easier and more accurate determindogether with simulations using dynamical scattering theory
tion of the carbon concentration compared to experimentéthin solid lines.
using the narrower 4.265 MeV resonariédn the latter case The strain in the epilayers, and hence the lattice constant
the accuracy of C concentration determination relies on & growth direction,a, , can be calculated from the C con-
suitable choice and the precise knowledge of many experitenty via
mental parameters, such as the beam energy, sample thick-
ness, stopping power, etc. Moreover the C lattice location a, =[a(y)—a]X|1+2=——
measurement by ion channeling is severely affected by the Culy)
ratio of the channeling to random stopping powers. This isvhere the in-plane lattice constaamtis that of the substrate
not a problem using the 5.72 MeV resonance which is nearlyas;=>5.431 A). The other relevant quantities are the relaxed
depth independent. Unfortunately the silicon cross section itattice parameter of the Si,C, compounda(y) and the
not Rutherford-like at a beam energy of 5.72 MeV, not everratio of its stiffness constan{€,, andC,,). For the latter we
in the region in which the carbon signal is detected. In ordeuse a linear interpolation between the values of Si and C.
to achieve a correct subtraction of the Si background signaDue to the small carbon concentrations in our sampies (
we used the so called IBM geometfywith a tilt of —60° <0.012) the results are not affected whether the elastic con-
and glancing exit. In this way the background variation isstants are linearly interpolated © SiC or C, or if the Si
quite smooth and the subtraction of the virgin Si spectrunelastic constants are used.
can be performed very accuratdsee Fig. 1 Furthermore For the variation of,(y) with the carbon concentration
this geometry permits to increase the depth resolution andie use three different assumptions. Figure 3 shows the lat-
therefore to increase the separation, due to the presence ofiee constanin growth direction a of a Si_C, epilayer
Si cap, between the carbon signals stemming from theetragonally strained to match the Si lattice constant. The
Si,_,C, layer and the surface carbon contamination. Thisdashed line is calculated considering a linear interpolation
experimental technique is described in more detail in Refbetween the Si and C lattice parameteag;=agi(1—Y)
10. In order to determine the substitutional C fractiprBS ~ +acy, with ac=3.567 A. The dot-dashed line corresponds
spectra were taken in @12 channeling configuration for to a linear interpolation between Si and Si€=ag(1
the sample with the highest C content. —2y)+agic2y asic=4.360 A. The solid line represents the

For all samples XRD rocking scans around {94 calculations ofa,. by Kelires® which are approximated by
Bragg reflections were recorded to measure the lattice cora,=ag-2.43%+0.570%2. The black dots represent the
stants in growth direction. From reciprocal space mappingsneasurements o, as obtained from the XRD rocking

around the(004) and (224 reciprocal lattice points it was curves plotted against the carbon contents determined by
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=1.0"39). As this sample would exhibit the largest nonsub-
stitutional fraction according to Ref. 12, we conclude that all
samples have substitutional C fractiés1. Even if there
was a significant non-substitutional C fraction, the measured
negative deviation from Vegard's rule would be even larger
than that predicted by Kelires.

.~ Ccontent (%) The physical origin of the negative deviations of the lat-

Sol s tice parameter from Vegard's rule in the,SjGe, and

HoH N, N Si;_,C, system has already been identified by Martins and
Zunger* as being caused by the charge transfer from Ge to
Si or from Si to C, respectively. Whereas in the SiGe system
this is a comparatively small effect, in the SiC system much
larger deviations occur, in agreement with the calculations in
Ref. 14.

In summary, we have performed a systematic investiga-
tion of the dependence of the lattice parameter on the C
LU content in a series of epilayers with different C concentra-

02 04 0.6 0.8 1.0 1.2 tions y<<0.012 grown pseudomorphically on §01) sub-
C content (%) strates. The absolute C concentration of the samples was
_ _ o measured by rBS using the 5.72 Me¥C(w,a)°C reso-
FIG. 3. Dependence of the lattice constamtgrowth direction a of @ e The correlation of this C content and the lattice pa-
pseudomorphic tetragonally strained; SiC, epilayer. Insets show the : .
variation of therelaxed|attice parameteay of Si; ,C, for the full com- ~ ameters of the epilayers obtained from XRD measurements
positional range(lower left panel and for the relevant range of small C is in good agreement with the significant negative deviation
contents(upper right pangl Dashed lines: cglculated lattice parameters with of the lattice parameter of §1yCy compounds from Veg-
8 according to Vegard's rule between Si and C; dash-dotted lines: calcuy syl as has been theoretically predicted by Kelires. The
lations using Vegard's rule between Si ageSiC; solid lines: theoretical . .
data according to Kelires. Black dots represent our experimental data. ~ Carbon contents obtained from XRD measurements taking
into account this deviation are lower by about 30% and 13%,
respectively, than those obtained previously under the as-
rBS. The insets of Fig. 3 show the variation of tteaxed  sumption of a linear variation of the lattice constants be-

lattice parameter in the Si,C,-system for the three models tween either silicon and diamond or silicon agesilicon
over the full compositional rangg@anel at lower left corner  carbide.
as well as for the relevant range of small C contéptsel at
the upper right corngy the different line types are used as This project was partially supported by INFM PRO-
before. FESR-RIM, FWF, GMe, and BMWYV, Vienna.
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