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Transmission electron microscopy results showed the formation of SiC precipitation in a rapid
thermally oxidized ~RTO! Si12x2yGexCy sample with high-C content. The spectroscopic
ellipsometry results showed that theE1 gap increased andE2 gap decreased as the C concentration
increased. For the oxidized samples, the amplitude of theE2 transitions reduced rapidly and theE1

transition shifted to a lower energy. The reduction in theE2 transitions was due to the presence of
the oxide layer. A high-Ge content layer and the low-C content in the RTO films accounted for the
E1 shift to lower energy. The electrical measurements showed that RTO at 800 °C did not improve
the oxide quality as compared to 1000 °C. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1413715#

I. INTRODUCTION

Epitaxial Si12xGex /Si heterostructures1–4 have demon-
strated impressive results for Si-based band-gap engineering.
The incorporation of carbon~C! in Si12xGex layers allows
the growth of heterostructures with well-controlled misfit
strain. The growth of such layers is, however, difficult due to
the high mismatch between C and Si lattices, low solubility
of C in Si, and the tendency of silicon carbide precipitation.

We have recently carried out structural5,6 and electrical7

characterizations of as-grown and rapid thermal oxidized
~RTO! Si12x2yGexCy alloy films grown by rapid thermal
chemical-vapor deposition~RTCVD!. We found that C incor-
poration into the Si12x2yGexCy system can lead to compres-
sive or tensile strain in the film. For compressive or fully
compensated films, the RTO process drastically reduces the
C content such that the oxidized films closely resemble the
Si12xGex films. For tensile films, two broad regions, one
with carbon content higher and the other lower than that
required for full compensation, coexist in the oxidized films.
We have also reported briefly the formation of SiC precipi-
tates in the high-C content RTO samples.

The electrical results of oxides grown at 1000 °C indi-
cated segregation of Ge at the SiO2/Si12x2yGexCy interface,
a thin GeO2 layer at the oxide surface, and elemental Ge at
the interface and in the oxide. Due to the segregation of Ge
at the interface, a very high (3 – 3.631011eV21 cm22) inter-
face state density was obtained. All the oxides showed elec-
tron trapping behavior and the trap generation rate decreased
with increasing C concentration. The charge-to-breakdown
value and the oxide breakdown field were higher for
Si12xGex than Si12xGexCy samples, and these values de-
creased with increasing C concentration.

In this work, we investigate further the formation of SiC
precipitates in Si12xGexCy samples using transmission elec-

tron microscopy~TEM!. We examine the influence of C on
the film’s optical properties by spectroscopic ellipsometry
~SE!. As the oxides grown at 1000 °C were shown to be
unsatisfactory, we attempted to grow oxides at a lower RTO
temperature of 800 °C in O2 or N2O. The electrical results of
such oxides are reported in this article.

II. EXPERIMENT

The Si12x2yGexCy samples were epitaxially grown on
n-type ~100! Si substrates by RTCVD.8 The growth was
achieved by heating the substrate with a bank of halogen
lamps at 500–600 °C with a pressure of 1.5 Torr. A Si buffer
layer ~200 nm! was grown at 900 °C, followed by the growth
of the alloy layer. The process gases were silane (SiH4),
germane (GeH4), methylsilane (SiCH6), and hydrogen
(H2). The alloy thickness was in the range of 50–130 nm.

Rapid thermal oxidation was achieved with an AST SHS
10 rapid thermal processor. Details of the RTO process can
be found in our earlier article.6 RTO was performed at
800 °C for 600 s in dry oxygen (O2) or N2O ambient. The
oxide thickness was found to be between 4 and 5.5 nm. The
TEM experiments were carried out using a Philips CM300
system with an operating voltage of 300 kV. The SE experi-
ments were performed using a spectroscopic phase-
modulated ellipsometer~UVSEL! with the energy ranged
from 1.5 to 4.5 eV. The rotating polarizer and tracking ana-
lyzer were set at 70°. The energy increment and integration
time were set at 0.01 eV and 2 s, respectively. The critical-
point energy (Ecp) and broadening factor~G! were obtained
by curve fitting the second derivative of the dielectric con-
stant (e5e11 i e2) versus energy plots using the least-square
method.

The electrical properties of the oxides were investigated
using the capacitance–voltage (C–V), conductance–voltage
(G–V), and the current–voltage (I –V) characteristics of the
Al–SiO2–Si12x2yGexCy capacitor structure. TheC–Va!Electronic mail: elechoi@nus.edu.sg
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(G–V) and theI –V measurements were carried out using an
HP4192 LF impedance analyzer and an HP4156 semicon-
ductor parameter analyzer, respectively.

III. RESULTS AND DISCUSSION

A. TEM results

Figure 1 show typical TEM results of the as-grown and
RTO Si12x2yGexCy samples. Figure 1~a! shows a very good
interface between Si0.8686Ge0.113C0.0184 and the Si buffer
layer. No microtwins or defects can be observed in the as-
grown sample. Figure 1~b! shows that after RTO at 1000 °C,
there is a lack of sharp interface between
Si0.8686Ge0.113C0.0184and the Si buffer layer. This may be due

to Ge diffused into the Si substrate as a result of high-
temperature oxidation. The whole Si0.8686Ge0.113C0.0184 film
is also found to contain a significant number of black spots.
There are two TEM studies on SiC formation in SiGeC
films.9,10 The SiGeC samples of Warrenet al.9 ~C51%! and
Cuadraset al.10 ~C50.5%! exhibited very different SiC pre-
cipitate density. The precipitate density of Warrenet al. is
similar to our results of Fig. 1~b!. It is useful to point out that
Straneet al.11 also reported a SiC precipitate distribution in
an annealed~at 925 °C for 190 min! Si0.986C0.014 alloy, very
similar to our results.

We have also observed from our TEM results of rapid
thermally oxidized Si0.8811Ge0.113C0.0059 and
Si0.8738Ge0.113C0.0132 samples that the SiC precipitates were
significantly lesser than that shown in Fig. 1~b!. The TEM
results, therefore, agree with our IR results6 in that the for-
mation of SiC precipitates can only be observed in the
high-C content RTO samples. We are, however, not able to
comment quantitatively on the influence of Ge segregation
on the interface state density from the TEM micrographs.

B. SE results

Figure 2 shows the pseudodielectric function versus pho-
ton energy for the as-grown Si0.887Ge0.113 and
Si0.8872yGe0.113Cy alloys. The large amplitudes of theE1 and
E2 gaps of these samples indicate good crystallinity of the
films. The energy and peak values ofe2 for Si0.887Ge0.113are
comparable to strained SiGe films.12 The amplitudes ofe2 at
the E1 andE2 gaps decrease with an increase in C concen-
tration. This is due to the alloying effect and stoichiometric
deformation of the films. The humps at the lower edge of the
E1 gap at 2.6, 2.4, and 2.3 eV for Si0.8811Ge0.113C0.0059,
Si0.8738Ge0.113C0.0132, and Si0.8686Ge0.113C0.0184 films may be
due to C-related band gaps.

Figure 3~a! shows the energy dependence of the second
derivatives ofe1 and e2 for the as-grown samples. The re-
sults are fitted using the formula develop by Aspnes13 assum-
ing two critical points,E1 andE08 . In general, the agreement
between the experimental and the simulated results is good.

Figure 4~a! shows the peak positions ofE1 andE08 as a
function of C concentration for the as-grown samples. The
E1 transition increases linearly with increasing C concentra-
tion. The E08 transition is independent of C concentration.
The broadening factor of theE1 transition for Si0.887Ge0.113is
0.137 eV and increases to 0.149, 0.157, and 0.197 eV with C
concentration equal to 0.59%, 1.32%, and 1.84%, respec-
tively. Note that theE2 peak also broadened but shifts to
lower energy. The broadening of theE1 andE2 peaks may be
attributed to the distortion near the carbon atoms and the
internal splitting of electronic bands.14

Figure 5 comparese2 of the as-grown and RTO samples.
The intensity of theE1 and E2 transitions decreases for all
the RTO samples. TheE1 transition shifts towards the lower
energy direction for the RTO samples. This means that the
transition occurs from a higher Ge content layer in the
samples. The higher Ge content layer could be due to the Ge
piled up at the SiO2/substrate interface as a result of RTO. As
the E1 peak for samples Si0.887Ge0.113 and

FIG. 1. Typical cross-sectional TEM micrographs of~a! as-grown and~b!
rapid thermally oxidized Si0.8686Ge0.113C0.0184 samples.
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Si0.8811Ge0.113C0.0059 are located at 3.07 eV, this means that
the RTO process has reduced most of the C in the
Si0.8811Ge0.113C0.0059 film. For samples Si0.8738Ge0.113C0.0132

and Si0.8686Ge0.113C0.0184, the E1 peaks are located at 3.13
and 3.15 eV, respectively. These values are lower than theE1

peaks of their respective as-grown samples. This suggests a
lower C concentration in the RTO samples. This is in good
agreement with our previous IR and secondary ion mass
spectroscopy~SIMS! results.6 The large reduction ine2 in-
tensity atE2 in Fig. 5 is due to the presence of an oxide
layer.

To study the effect of oxidation on our samples, SE mea-
surements were done after the oxide was etched away. The
second derivatives of the pseudodielectric function versus
photon energy, and theE1 andE08 peak versus C content of
the etched samples are shown in Figs. 3~b! and 4~b!, respec-
tively. As compared to the as-grown samples@Fig. 3~a!#, an
even better fit between the experimental and theoretical re-
sults is obtained for the etched samples. Figure 4~b! shows
that theE1 transition is weakly dependent on the C content.
This is reasonable as the C concentrations in the samples
were significantly reduced after RTO. With the exception of
sample Si0.887Ge0.113, theE08 transition of the etched samples
is independent of C content in the film.

It is worthwhile to note that we have observed5,6 no
change in the mismatch strain in the Si0.887Ge0.113 film after
RTO at 1000 °C for 270 s. Therefore, the reduction in theE1

value for the RTO Si0.887Ge0.113 film is unlikely to be due to
strain relaxation. On the other hand, we observed a Ge pileup

of ;16 nm at the SiO2–SiGe interface after RTO from our
SIMS experiments.15 We have calculated the penetration
depth of the light source used in the SE experiments to be
;20 nm. Therefore, we attribute the reduction in theE1

value in the RTO Si0.887Ge0.113 film to be due to the higher
Ge concentration layer.16,17

For SiGeC films, we found that the strain varied from
compressive~C50.0059!, fully compensated~C50.0132! to
tensile~C50.0184!, depending on the carbon concentration
in the film. After RTO at 1000 °C for 270 s, the mismatch
strain of the Si0.8811Ge0.113C0.0059 and Si0.8738Ge0.113C0.0132

films increased to a value comparable to the Si0.887Ge0.113

film. However, the RTO Si0.8686Ge0.113C0.0184 film showed
both compressive and tensile strain. Due to the rather com-
plicated patterns in strain for the RTO SiGeC films, it would
be inadvisable to discuss the influence of strain onE1 with-
out further experiments. On the other hand, we discovered a
Ge pileup of similar thickness~;16 nm! for SiGeC films at
the SiO2–SiGeC interface after RTO.7 The reduction in the
E1 values of the RTO SiGeC films may partially be due to
the Ge pileup at the interface. Note that our SE results are in
complete agreement with that published by Bonanet al.18

Figure 6 shows the refractive indices of the as-grown
and etched samples. It is clear that the refractive index in-
creases with an increase in the incident radiation of less than
3.2 eV. The increase in the refractive index again indicates
the presence of a high-Ge content layer in the etched
samples.

FIG. 2. Pseudodielectric function vs photon energy for the as-grown Si0.887Ge0.113 and Si0.8872yGe0.113Cy alloys.
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C. Electrical results

We have shown previously that rapid thermal oxides
grown on Si0.8738Ge0.113C0.0132 and Si0.8686Ge0.113C0.0184 sub-
strates at 1000 °C were of poor quality.7 We have shown in
Sec. III A that significant SiC precipitation occurred at
high-C content Si12x2yGexCy samples after 1000 °C oxida-

tion. As electrical measurements are nondestructive and sim-
pler in terms of sample preparation, we used theC–V and
I –V measurements to explore the possibility of improving
the oxide quality. The oxides were grown at a lower RTO
temperature of 800 °C in pure O2 or N2O ambient for 600 s.
The long oxidation time was to ensure reasonable oxide

FIG. 3. Second derivatives of the pseudodielectric function of~a! as-grown
and ~b! RTO samples, with oxide etched away, of Si0.887Ge0.113 and
Si0.8872yGe0.113Cy alloys.

FIG. 4. Energies of theE1 and E08 critical points of ~a! as-grown and~b!
RTO samples, with oxide etched away, of Si0.887Ge0.113 and
Si0.8872yGe0.113Cy alloys.

FIG. 5. Imaginary part of the pseudodielectric function of as-grown and
RTO Si0.887Ge0.113 and Si0.8872yGe0.113Cy alloys.
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thickness was obtained. We have chosen the Si12x2yGexCy

substrate with the lowest C content ~i.e.,
Si0.8811Ge0.113C0.0059! to minimize SiC precipitation. The
electrical results of Al–SiO2–Si0.887Ge0.113 capacitors were
included for comparison purposes.

We found that thinner oxides were obtained when grown
in N2O ambient as compared to O2 ambient for both
Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059 substrates~see Table
I!. This is expected, as oxide growth is always slower in N2O
as compared to O2.

The I –V characteristics of oxides grown on
Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059 substrates in N2O or
O2 ambient are shown in Fig. 7. The conductivities of oxides
~calculated at 4 MV/cm! grown in O2 ~see Table I! are in the
range between 1.0310214 and 2.5310215V21 cm21. These
are reasonable values as the oxides were grown at a rela-
tively low temperature of 800 °C. We can only observe the
Fowler–Nordheim transport mechanism in the Si0.887Ge0.113

samples. The onset of Fowler–Nordheim conduction is at
;6 MV/cm. A barrier height of 2.54 eV was obtained from
the Folwer–Nordheim plot for the SiO2–Si0.887Ge0.113 sys-
tem. The lower value for the SiO2–Si0.887Ge0.113 system~c.f.
to the Si–SiO2 system! may be due to the rougher interface.

The sample with the Si0.8811Ge0.113C0.0059 substrate shows a
rapid increase in current for an electric field exceeding 4
MV/cm. It is interesting to note that oxides grown on the
Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059 substrates with N2O
ambient are more leaky (s51.5– 2.55310213V21 cm21)
than the corresponding samples grown in O2 ambient. Also,
the conductivities of the 800 °C oxides are generally 2–3
orders of magnitude higher than the 1000 °C oxides. The
breakdown field of the 800 °C oxide on the Si0.887Ge0.113

substrate grown in N2O is higher than that grown in O2.
Note that the breakdown fields for all the oxides grown at
800 °C are significantly lower than the breakdown field
~10–14 MV/cm! of oxides grown at 1000 °C.

Figure 8 shows the high-frequency~1 MHz! C–V char-
acteristics of the metal–oxide–semiconductor~MOS! struc-
tures with Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059 substrates.
The substrate doping concentrations derived from theC–V
curves are listed in Table I. Taking a relative permittivity of
the Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059films to be;12.4,
the maximum depletion widths are estimated to be;400 and
40 nm, respectively. For the Si0.887Ge0.113film, the maximum
depletion width will be extended into the Si buffer layer. The
Si buffer layer had a doping concentration of 531015– 1
31016cm23. This has resulted in a doping concentration of
5.5631015– 1.5631016cm23 for the RTO Si0.887Ge0.113

films. For the RTO Si0.8811Ge0.113C0.0059 film, the maximum
depletion width is well inside the SiGeC layer. Table I shows

FIG. 6. Refractive indices of as-grown and RTO Si0.887Ge0.113 and
Si0.8872yGe0.113Cy alloy films.

TABLE I. Oxide thickness, conductivity, breakdown field, and the interface state density of RTO oxides grown at 800 °C and the doping concentration on
Si0.887Ge0.113and Si0.8686Ge0.113C0.0059substrates. Also included here for comparison are the oxide thickness, conductivity, breakdown field, and interface state
density of RTO oxides grown at 1000 °C in O2 on the same substrates.

Sample
RTO

condition
Oxide

thickness~nm!
s

~V21 cm21!
Ebd

~MV/cm!
Doping
~cm23!

D it

~cm22 eV21!

Si0.887Ge0.113 O2 ~800 °C! 5.4 2.50310215 9.06 1.5631016 1.6231012

N2O ~800 °C! 4.0 2.50310213 10.10 5.5631015 2.4231012

O2 ~1000 °C! 17.9 3.98310216 12.53 6.7031015 3.0031011

Si0.8811Ge0.113C0.0059 O2 ~800 °C! 4.3 1.00310214 9.75 1.0631016 2.2731012

N2O ~800 °C! 4.1 1.50310213 9.30 1.3031016 2.9631012

O2 ~1000 °C! 12.5 7.96310216 12.81 5.7031017 1.1031012

FIG. 7. I –V characteristics of oxides grown on Si0.887Ge0.113 and
Si0.8811Ge0.113C0.0059 substrates in N2O or O2 ambient.
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that the Si0.8811Ge0.113C0.0059 samples have a higher doping
concentration than the Si0.887Ge0.113 samples. This agrees
with the report of Osten and Gaworzewski19 in that C in the
Si0.8811Ge0.113C0.0059 sample would introduce donor-like
centers20 and increase the doping concentration. The doping
concentrations of Si0.8811Ge0.113C0.0059 samples RTO at 800
and 1000 °C in O2 are 1.0631016 and 5.731017cm23, re-
spectively. This means that the increase in the doping con-
centration may also be linked to the formation of SiC pre-
cipitates in the films.

The interface state densities (D it) of our samples, calcu-
lated from the Hill and Coleman method,21 are listed in Table
I. Note that theseD it values were obtained at a depletion
width ~31–69 nm for Si0.887Ge0.113 and 20–33 nm for
Si0.8811Ge0.113C0.0059 samples!, well within the thickness of
the Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059 layers. Significant
higher D it values (1.62– 2.9631012eV21 cm21) were ob-
tained for the 800 °C oxides. TheD it values of oxides grown
at 1000 °C with the Si0.887Ge0.113 and Si0.8811Ge0.113C0.0059

substrates are 3.031011 and 1.131012eV21 cm21, respec-
tively. We can, therefore, conclude that a lower oxidation
temperature is not suitable in reducingD it . We have used the
metal work function between Al and Si to estimate theQf

values of the MOS structure with oxide grown at 800 and
1000 °C on the Si0.887Ge0.113 substrate to be21.1431012

and29.531011cm22, respectively. This again indicates that
a lower oxidation temperature resulted in a higher fixed
charge value in the oxide. Ahnet al.22 have suggested that
the negative fixed charge observed in the SiGe system was a
result of Si–O– dangling bonds in the oxide. The largerQf

value in the 800 °C~as compared to the 1000 °C sample!
may be due to the higher amount of Si–O– dangling bonds
that exist in the oxide. We are not able to compare theQf

results of the Si0.8811Ge0.113C0.0059 samples as the 1000 °C
showed a rather abnormal trend with the C content in the
film.

IV. CONCLUSIONS

The TEM results showed a significant SiC precipitation
in the high-C content Si12x2yGexCy sample after RTO. The

SE results showed that theE1 gap increased andE2 gap
decreased as the C concentration increased. For the RTO
samples, the amplitude of theE2 transitions reduced rapidly
and theE1 transition shifted to a lower energy. The reduction
of the amplitude of theE2 transitions is due to the presence
of the oxide layer. The refractive indices of the RTO samples
were higher compared to the as-grown films. A high-Ge con-
tent layer and the low-C content in the RTO films accounted
for the E1 shift to lower energy and the increase of the re-
fractive index. We conclude from the electrical measure-
ments that RTO at a lower temperature of 800 °C did not
improve the oxide quality as compared to 1000 °C.
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