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The onset of secondary phase precipitation during synthesis
of heteroepitaxial Si 12x2yGexCy on Si(100)
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An upper temperature limit of 450 °C has been established for growth of heteroepitaxia
Si12x2yGexCy solid solutions with substitutional C on Si~100! by combined ion and molecular beam
deposition~CIMD!. At 450 °C infrared absorption spectroscopy shows that C is on substitutiona
sites and no SiC precipitates are detected, whereas at 560 °C the substitutional C signal is mu
smaller but SiC precipitates are still not detected. High resolution transmission electron microsco
shows that Si12x2yGexCy films deposited at 560 °C exhibit Ge deficient, coherent, secondary phase
clusters in the cubic diamond matrix, which are not seen in films deposited at 450 °C. Thes
observations suggest that the clusters are C-rich, Ge-deficient precursors to SiC, with a lattice wh
is distorted but free of extended defects. Ion channeling results indicate that the Si12x2yGexCy films
might have a distribution of different bond lengths. ©1996 American Institute of Physics.
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Significant material development in group IV-IV sem
conductors has occurred lately: both bipolar and field ef
device technology and bandgap modulation can now
achieved by heteroepitaxy of Si12xGex alloys on Si using
far-from-equilibrium deposition methods.1,2 However, the
maximum bandgap offset in Si12xGex alloys on Si is limited
to 0.4 eV and strain engineering is limited by the Ge atom
fraction. Therefore, heteroepitaxy of ternary Si12x2yGexCy

alloys on Si has recently become the object of intense s
tiny. Adding C to Si12xGex may expand the accessible ran
of bandgap offsets and provide a new degree of freedom
lattice matching on Si~100!.3,4

In contrast to Si12xGex binary alloys, where Si and G
are entirely miscible into each other, the solid solubility of
in bulk Si is limited to 1018 atoms/cm3 for T<1400 K.5

Beyond that limit, SiC polytype phases precipitate. Carbo
immiscible in bulk Ge.6 In thin film phases, far-from-
equilibrium synthesis can kinetically control phase sepa
tion in a solid solution, such as Si12x2yGexCy . In previous
studies, the formation of heteroepitaxial Si12x2yGexCy solid
solutions x<0.2, y<0.02 has been demonstrated by m
lecular beam epitaxy~MBE!4 as well as by ion implantation
and subsequent solid phase epitaxial regrowth.7

The temperature of formation of SiC precipitates in
with C impurity concentrations<1018 cm23 is fairly high:
800 °C at Si surfaces,8 and 1000–1250 °C in bulk Si.9 How-
ever, during annealing of Si12yCy with C concentrations
>1020 cm23, loss of substitutional C is significant already
810 °C, but SiC precipitates are not formed until most of
C is lost from substitutional sites.10 During growth of
Si12yCy no SiC precipitation was reported at temperature
the range 450 to 750 °C, but a maximum in the substitutio
C signal was observed in the Raman spectra at a gro
temperature of 525 °C.11 The temperature dependence of
incorporation in Si12x2yGexCy has not been reported. Whi
Ge alloying makes Si less refractory, C alloying is expec
to have the opposite effect. Hence an accurate therm
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namical prediction is difficult to make, which led to the
present work investigating the temperature threshold for ca
bide precipitation in Si12x2yGexCy .

Heteroepitaxial Si1-x-yGexCy thin films are synthesized
on 4 in. Si~100! wafers in a combined ion and molecular
beam deposition~CIMD!12 system. Molecular Si and Ge are
evaporated from conventional e-beam sources. A partiall
ionized ~;40%!, C1 beam is obtained from a solid
99.9995% pyrolytic graphite source. Direct deposition of the
ionized C during CIMD, can limit the surface mobility of C
by ‘‘anchoring’’ the C below the first atomic layers,13 thereby
limiting nucleation and growth of carbide precipitates on the
surface. The base pressure of the CIMD chamber is
310210 Torr and reaches 231029 Torr during deposition.
In situ 10 keV reflection high energy electron diffraction
~RHEED! detects phase transitions at the surface durin
cleaning and topographical changes during synthesis.

Heteroepitaxial Si12x2yGexCy thin films are synthesized
on 4 inch Si~100! wafers in a combined ion and molecular
beam deposition~CIMD!12 system. Molecular Si and Ge are
evaporated from conventional e-beam sources. A partiall
ionized~;40%! C1 beam is obtained from a solid 99.9995%
pyrolytic graphite source. Direct deposition of the ionized C
during CIMD, can limit the surface mobility of C by ‘‘an-
choring’’ the C below the first atomic layers,13 thereby lim-
iting nucleation and growth of carbide precipitates on the
surface. The base pressure of the CIMD deposition chamb
is 3310210 Torr and reaches 231029 Torr during deposi-
tion. In situ 10 keV reflection high energy electron diffrac-
tion ~RHEED! detects phase transitions at the surface durin
cleaning and topographical changes during synthesis.

Before introduction into the CIMD system, the Si wafers
undergo an RCA type cleaning followed by oxide etching
and H passivation in a 5:95 HF in methanol solution, and
rinsing in methanol. Prior to Si12x2yGexCy deposition, H is
thermally desorbed and the Si~100! reconstructed to a dis-
tinct ~231! RHEED patternin situ at 560 °C fort>10 min.
1/96/68(6)/782/3/$10.00 © 1996 American Institute of Physics
ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



d

h

s

d

Then a 100 nm Si buffer layer is grown at 560 °C to
smoothen the Si surface and to bury C and F residue.14 The
wafer temperature during growth was measured by a therm
couple calibrated by a pyrometer.

The Si and Ge atomic fractions in the films are measure
by 2 MeV 4He11 Rutherford backscattering spectroscopy
~RBS!. Given the small RBS cross section for C, the low C
atomic fraction is detected by nuclear resonance analys
~NRA!, using the 4.265 MeV C elastic resonance.15 The C
surface contamination is separated from C in th
Si12x2yGexCy film by tilting the sample normal 75° with
respect to the incident beam and increasing the4He11 en-
ergy up to 4.31 MeV.16 Carbon depth profiles are indepen-
dently verified by secondary ion mass spectrometry~SIMS!,
using a 25 nA flux of 14.5 keV Cs1. Infrared~IR! absorption
measurements are performed using a Fourier transform
~FTIR! spectrometer with a LN2-cooled HgCdTe detector. A
reference spectrum is acquired from a bare Si wafer from th
same lot, so that the Si-Si two-phonon mode at 610 cm21 can
be subtracted. Film thickness is characterized both by RB
and cross section transmission electron microscopy~X-
TEM!. Heteroepitaxial quality is quantified by the minimum
yield, xmin , along the ^110& ion channeling axis and by
X-TEM.

Table I lists deposition conditions for the heteroepitaxia
Si12x2yGexCy films, and composition and thickness obtaine
by RBS and NRA. For comparison, Table I includes a binar
Si12xGex film deposited under similar conditions. The main
difference between deposition conditions is the temperatur
560 °C in C32 and C33 and at 450 °C in C34 and C71.

In Fig. 1, SIMS profiles for C32 are shown. Profiles suc
as the one in Fig. 1 demonstrate that C is uniformly distrib
uted throughout depth.

FIG. 1. SIMS profile of C32, showing uniform distribution of all constitu-
ents. A sputtering rate of 1.9 Å/s was estimated from the time to the film
substrate cross-over in the SIMS profile and the RBS film thickness.

TABLE I. Film growth conditions and characteristics obtained by RBS an
TEM.

Sample

Deposition
temperature

~°C!

Growth
rate
~Å/s! Composition

Thickness
~Å! xmin

C32 560 0.09 Si0.72Ge0.27C0.006 1000 0.13
C33 560 0.09 Si0.71Ge0.28C0.005 1000 0.12
C34 450 0.07 Si0.71Ge0.28C0.005 800 0.17
C71 450 0.07 Si0.72Ge0.28 1000 0.03
Appl. Phys. Lett., Vol. 68, No. 6, 5 February 1996
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In Fig. 2, IR absorption spectra for C32, C33, and C34
are shown. Substitutional C in Si has a well-established vi-
brational mode around 605 cm21, whereas SiC has a vibra-
tional mode around 794–810 cm21.17 For C34, deposited at
450 °C, the vibrational mode at 605 cm21 is observed, but no
SiC signal is detected at 800 cm21. For C32 and C33, depos-
ited at 560 °C, the vibrational mode at 605 cm21 is much
weaker than in C34 but the 800 cm21 mode is still too weak
to be detected. We therefore conclude that the amount of C
atoms present at substitutional sites in Si12x2yGexCy layers
deposited at 450 °C is larger than that deposited at 560 °C.
Since there is no indication that C is present as SiC precipi-
tates, it can be assumed that some C in films grown at 560 °C
is present either as interstitials or in C-rich clusters.

Figure 3~a! shows a TEM and Fig. 3~c! a HRTEM mi-
crograph of C32, grown at 560 °C. Stacking faults and dis-

-

FIG. 2. FTIR spectra of C32 and C33, deposited at 560 °C, and C34 depos-
ited 450 °C. The spectrum for the film grown at 450 °C shows a larger
absorption around 607 cm21 than the films grown at 550 °C indicating more
substitutional C. No SiC precipitates are detected at 800 cm21.

FIG. 3. ~a! TEM micrograph of C32 deposited at 560 °C showing a low
density of dislocations and stacking faults.~b! TEM of C34, deposited at
450 °C with a similar density of defects as in~a!. ~c! HRTEM of C32 in a
region close to the film/buffer interface, with one of the clusters discussed in
the text, marked with an arrow.~d! HRTEM of film/buffer interface in C34
with no observable clusters.
783Herbots et al.
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locations are observed, as often seen in relaxed Si12xGex
alloys on Si.18With a Si:Ge ratio of 7:3, relaxation would be
expected also for a binary Si12xGex film of 1000 Å
thickness.11 Moreover, spherical clusters of 20–50 Å size
which are coherent with the matrix and separated by roug
50 Å, are observed. These clusters exhibit bright contras
the bright field image, indicating a region with lower averag
atomicZ. The clusters line-up parallel to the~100! interface.
Close to the film surface these clusters have similar sha
and size. Closer to the film/buffer interface some cluste
have grown in a direction parallel to the interface at th
expense of the size of other clusters. These clusters h
been exposed to the growth temperature for a longer ti
than clusters closer to the surface, thus indicating a ripen
process, caused by thermal diffusion. Preliminary energy d
persive x-ray analysis, with a 100 Å diameter electron bea
shows that the clusters are Ge deficient.14 In dark field TEM,
the clusters observed in films grown at 560 °C also exhi
contrast,14 indicating that even though there are no extend
defects associated with the clusters, the lattice in the clus
is distorted.

Figure 3~b! shows a TEM and Fig. 3~d! a HRTEM mi-
crograph from C34, deposited at 450 °C. A similar density
stacking faults as in C32 and C33 is observed, but no sm
clusters.

To estimate C diffusion in Si12x2yGexCy during growth,
we determine the C diffusion length from,x5(4Dt)1/2,
wherex is the diffusion length,t is the diffusion time, and
D is the diffusivity. Assuming the diffusivity of C to be
similar to that in Si we used9 D51.9 exp(23.1
60.2/kT) cm2/sec, wherek is the Boltzman constant in
eV/K, and T is the temperature. For 2 h diffusion the C
diffusion length would thus be 2.4 Å<x<40 Å at 560 °C
and 0.074 °C 0.074 Å<x<1.8 Å at 450 °C. This indicates
that C bulk diffusion may be fast enough to explain the se
ondary phase clusters with low average atomicZ, seen in
Si12x2yGexCy films grown at 560 °C, whereas C bulk diffu
sion at 450 °C is too slow to cause any clustering, in agre
ment with our observations. Since there is no indication
SiC formation in the FTIR spectra~Fig. 2!, we propose that
the clusters may be C rich, secondary phase, precursor
SiC precipitates, similar to a Guinier-Preston formation.
C-rich secondary phase precursor to SiC precipitates
been proposed previously for C in Si.10

The higher xmin of Si12x2yGexCy film deposited at
450 °C compared to the films at 560 °C~Table I!, may at first
seem contradictory to the observed temperature depende
of the C substitutionality. Furthermore, strain measureme
performed on these films by doing RBS angular scans acr
a ^111& axis shows that Si12x2yGexCy films grown at 450 °C
have lower strain than do films grown at 560 °C.19 However,
when C is incorporated at substitutional sites in heteroe
taxial Si12x2yGexCy on Si~100!, there may be a distribution
of different bond lengths,20,21 while the average lattice con-
stant follows Vegard’s law. This would increasexmin com-
pared to a perfect cubic lattice. The difference inxmin be-
tween Si12x2yGexCy films and Si12xGex films ~Table I!,
which is larger than would be expected from TEM, suppo
this notion. At a growth temperature of 560 °C, C is part
incorporated into the C-rich clusters, which supposedly ha
784 Appl. Phys. Lett., Vol. 68, No. 6, 5 February 1996
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a smaller lattice parameter and thus allow the remaining C
deficient regions to relax somewhat. The C deficient region
are expected to be more Si12xGex-like and have less bond
length distribution than films where C is mainly substitu-
tional. This could lead to a lower overallxmin . That relax-
ation by cluster formation is slightly less effective in reduc-
ing strain is reasonable but difficult to quantify.

In summary, by comparing characterization by TEM,
FTIR, and ion channeling, it has been shown that the growt
temperature versus time window must be chosen carefully t
inhibit not only SiC precipitation but also the formation of
Ge-deficient clusters, tentatively identified as C-rich. It is
that it is not possible to directly detect these clusters by IR
spectroscopy and, since they basically probe the same phy
cal quantity, probably not by Raman spectroscopy either. Ex
periments with C concentrations up to 9% have been con
ducted and are reported elsewhere.22
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