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Enfrared absorption spectroscopy was used to study the oxidation of hydrogenated amorphous
silicon carbide (a-Si:C:H) films prepared by the glow-discharge decomposition of gasecus
mixtures of silane and methane. It has been found that carbon-rich samples incorporate oxygen
when exposed to air, as detected by an increased absorption of the 8i-0-Si stretching vibration
band. The analysis of the infrared spectra of samples annealed in air at room temperature and
at 200 °C indicates that, except for their oxidation rate, no appreciable difference exists in the
mechanisms of oxygen incorporation in the films at the two temperatures. The oxidation
kinetics suggests an open porous structure for these carbon-rich films. On the contrary,
samples having a low carbon content appear to oxidize on the surface only, in a way simitar to

amorphous silicon.

In the past few years considerable atiention has been
devoted to the study of the optoelectronic properties of hy-
drogenated amorphous silicon carbide (a-Si;.. ,C,H)
fitms. This interest originates, on one hand, from the present
and potential industrial applications of these alloys and, on
the other hand, from the related need of a deeper under-
standing of the fundamental properties of tetrahedrically
bonded amorphous semiconduetors.? Since the pioneer
publication by Anderson and Spear,’ much work has been
done on the establishment of the optical and electrical prop-
erties of a-8i, _ . C, :H alloys as a function of composition.*°
The studies reveal that for x values in the 0.5-0.7 range,
peculiar changes occur in the optoelectronic properties of
the films.> These variations have been related to modifica-
tions in the bonding configuration, namely, changes in the
hybridization state of the carbon atoms.”!° Moreover, other
evidences indicate that the number of silicon—carbon bonds
reaches a maximam for x between 0.6 and 0.7.%°

It is reasonable to expect that the changes cccurring at
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the atomic scale should be reflected in the structure of the
material. To our knowledge, however, only a few works® 1!
consider problems such as, for instance, the presence of car-
bon-induced voids in the films. Combining data of density
measurements and the optical theory for void-substance
composites, Menna et al.,'t concluded that the incorpora-
tion of carbon into the network results in a very large void
fraction. Mui er al.° found that the fitting of optical data with
the complex dielectric function gives a maximum in the void
fraction for x =0.4. Beyer ef al.'* studied the hydrogen evo-
lution in samples containing different amounts of carbon.
These authors found two peaks in the hydrogen effusion
curve occurring at low and high temperatures, respectively.
The hydrogen evolved at low temperatures is associated with
the presence of voids producing a material with poor elec-
tronic properties. '

En this communication, we report a study on the evolu-
tion of the infrared (IR) specira of sampies having different
carbon contents. It has been found that samples possessing a
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low carbon content present stable IR spectra, even after a
tong exposure to oxidizing atmospheres. On the contrary,
samples having a high carbon content incorporate oxygen
when exposed to air. This experimental finding is interpreted
in terms of a carbon-induced open porous network. The oxi-
dation kinetics of @-8i, _ ,C, :H samples, isothermally an-
nealed at 200 °C in air, has been determined for carbon-rich
material.

The samples were prepared by the 1f decomposition of
SiH, + CH, and deposited onto crystalline Si and Corning
7059 glass substrates for IR and visible spectroscopy, respec-
tively. The deposition system is a parallel plate, capacitively
coupled reactor and the deposition conditions were: pressure
of 50 Pa, substraie temperature of 260 °C, rff power of 2.5 W,
and total gas flow rate of 10 scem. Typical film thickness is
500 nm. In order to obtain samples with different carbon
contents the composition of the gaseous mixture parameter
y=[CH,]/([SiH,] + [CH,]} was varied between 0 and
0.87. Although no direct determination of the carbon con-
tent in the film was made, the existence of an abundant bib-
liography correlating the optical band gap and the refractive
index to the carbon content of the alloy, allows an estimation
of the vatue of x.>*%"° The carbon content of the samples
grown with a gaseous mixture y = 0.87 was estimated to be
x = 0.45 4 0.05, which corresponds to the highest carbon
content among the studied samples.

The IR spectra of the samples were measured immedi-
ately after the deposition and after six months of exposure to
air at room temperature. Significative variations of the IR
spectra were cbserved only in the films having the highest
carbon content. Subtracting the IR absorption spectrum
taken on as-deposited samples from the spectrum taken after
a six months exposure to air, 2 new specirum (hereafter re-
ferred to as the differential absorbance) is obtained, which
highlights the changes in the absorption bands. Note that
increments in the absorbance are proportional to increments
in the absorption coefficient.’’

Figure ! shows the IR differential absorbance spectrum
of a carbon-rich sample obtained after six month room-tem-
perature exposure to air. It is within the 300-1500 cm ™!
energy range that the major changes in absorption occur.
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FIG. 1. Differential absorbance spectrum for a sample deposited under
y=CH,/[CH, + Sit,] = 0.87 conditions. The curve was obtained sub-
tracting the absorbance spectrum obtained immediately after sample depo-
sition from the one obtained after a six-months exposure to air at room tem-
perature.
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Samples having a smaller carbon content (¥ <0.7) do not
present any particular feature in their differential spectra, an
indication of the material stability.

Although the evolution occurs spontaneously at room
temperature, a rather long period is needed to detect a signif-
icant variation on the IR spectrum. To circumvent this diffi-
culty and speed up the oxidation process, a series of isother-
mal annealings at 200 °C in air was performed. In such a
way, the nature of the kinetics of the evolution process could
be studied in a shorter period. Under these new conditions
no aging effects were detected in the low carbon content
samples either,

Figure 2 shows the differential absorption spectra re-
sulting from the oxidation of a sample deposited under
y=0.87 conditions, following the procedure indicated
above. The different spectra correspond to different exposi-
tion times as explained in the figure caption. Note that the
main features of these spectra do not differ substantially
from the spectrum shown in Fig. I, suggesting the same evo-
lution mechanisms. Next, an analysis of the evolution fea-
tures observed in the IR spectra is presented.

The strong absorption band in the differential spectra at
1030 cm ! has been assigned to the antisymmetric stretch-
ing mode of the Si-O-Si bridge in siloxane compounds.™
However, the corresponding mode of the 8i-0-C group also
appears in this energy region,'® so that a contribution of this
mode cannot be ruled out. The absorption peak appearing at
420 cm ™! has been attribuied by some authors to the bend-
ing of Si-O-Si bridge."® Other publications attribute this
mode to a mixing of the rocking and bending modes of the
same bridge.'®'” Note that both peaks increase strongly with
annealing time.

As Fig. 1 shows, two bands peaking at 1270 cm ! {posi-
tive absorption) and 650 cm ™' (negative absorption) ap-
pear in the differential spectra. The 1270 cm ™! band is nor-
mally not found in the amorphous silica IR spectra.
However, a band between 1250 and 1275 cm ™! is always
present in organosificon compounds and, according to Bel-
lamy,' it can be associated to the symmetric methy! defor-
mation in these compounds. Moreover, by comparing the
spectra of the silane-alkane molecules, Wieder ef al.* con-
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FIG. 2. Evolution with time of the differential absorbance spectra of sam-
ples grown under y = 0.87 conditions (same as Fig. 1). The different spec-
tra correspond to the following annesling times at 200°C: A = 25 min,
B = 115 min, C = 3900 min, and I} = 16 500 min.

Arceetal 4545




clude that the 650 cm ™' band can be associated to the Si-C
stretching mode. The cccurrence in this energy region of
negative values in the differential absorbance spectra of Figs.
I and 2, are interpreted as due to the formation of Si-0-Si
and Si-0-C complexes in detriment of the Si—C bonds.
Following the considerations above, it is clear that oxy-
gen atoms are incorporated in the exposed material. The
kinetics of this oxidation process was established through
the analysis of the integrated area of the 1030 cm ™ absorp-
tion band. Although the strength of the 8i-O-Si oscillator is
unknown, the evolution with time of the silicon—oxygen
bond density is proportional to the area under this absorp-
tion band. Figure 3 shows, for a carbon-rich ¢-8i; _ ,C,:H
sample, the logarithm of the integrated silicon-oxygen ab-
sorption band versus the logarithm of the exposure time.
Within the studied time interval, the process of oxygen in-

corporation in the carbon-rich samples does not saturate..

The experimental points fall on a straight line with a slope of
approximately 0.6, This value is close to the slope of 0.5
expected for a diffusion-limited process in solids.

These experimental findings suggest that in the carbon-
rich samples a porous maze allows the oxygen to penetrate
innto the bulk of the material. We suggest that the presence of
a large fraction of the (CH,;) precursor radical may be the
origin of this porous network in the methane-based silicon
carbide layer formation. In carbon-rich samples the incorpo-
ration of a farge amount of this radical, giving rise to Si-CH,
complexes at the surface,' induces the formation of voids
and thus the porous material. In the low carbon content sam-
ples, conversely, a thin oxide barrier is probably formed at
the surface'® preventing any further oxidation.

The band appearing in this differential absorbance spec-
tra in the 790-90C cm ™! range has not been analyzed yet.
There is some difficulty in establishing a clear-cut origin for
this increased absorption because contributions of different
complexes may appear in this spectral region. The band may
be decomposed in three Gaussians centered at 800, 823, and
880 em ™, respectively. Among the vibrational modes oc-
curring at these energies we may cite the methyl rocking
mode in open chain materials and methyl silanes which are
localized at around 80C cm ™ '.'* The Si-C stretch vibration
associated to an OSiCH, end group’ generates a band in the
840-850 em ! wave number range. Of dubious origin, the
peak detected at 870 cm ™! in Figs. 1 and 2 is often found in
Si0.!° Features similar to those observed in the 790-820
cm~? range are observed in oxygen-doped amorphous sili-
con.” Other vibration modes, such as the scissor and bend-
ing of SiH, and (SiH,),, are generally found around 890!
and 860 cm ™ 1.2? It is important to stress at this point that all
the structures observed in the 790-900 cm ™' range may
evelve as a consequence of either the formation of new spe-
cies or the modification of the environment due to the incor-
poration of oxygen.

In conclusion, we studied the oxidation of ¢-Si; _ , C:H
films by means of IR differential spectroscopy. We observed
that samples having a low carbon content (x <0.4) do not
display the Si-0O-Si absorption band, even when annealed at
200 °C in air. On the contrary, samples with a higher carbon
content {x»0.45) oxidize spontaneously in air at room tem-
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FIG. 3. Oxygen content, in arbitrary units, of annealed material vs time, for
samiples with x=45 at. % carbon content. The full kine corresponds to a
linear regression of the experimental points.

perature. Similar effects are found when these samples are
annealed in air at 200 °C. The oxygen incorporation has been
shown to be nearly proportional to the square root of the
exposure time, an experimental indication of a gas diffusion-
limited process in solids. We attribute these effects to the
existence of a connected void network.

This work was partially supported by the National Re-
search Councils of Brazil (CNPg) and Argentina (CONI-
CET), Grant No. 910060/87.8. The partial support of the
Fundagfio de Amparo 2 Pesquisa do Estado de S3o Paulo is
also acknowledged. The authors are indebted to Professor P.
Santos, Institute of Physics, Unicamp, for critical reading of
the manuscript.

'Y, Tawada, K. Tsuge, M. Kondo, H. Okamoto, and Y. Hamakawa, J.
Apph. Phys. 53, 5273 (1982).

2. Bullot and M. P. Schmidt, Phys. Status Solidi B 143, 345 (1987).

*D. A. Anderson and W. E. Spear, Philos. Mag. B 35, 1 (1977).

*H. Wieder, M. Cardona, and R. Guarnieri, Phys. Status Solidi B 92, 99
(1579).

5Y. Catherine and G. Turban, Thin Solid Films 68, 193 (1579).

SA. Marimoto, T. Miura, M. Kumeda, and T. Shimizu, J. Appl. Phys. 53,
7299 (1982).

"R. 8. Sussmann and R. Osden, Philos. Mag. B 44, 137 (1981).

#M. P. Schmidt, 1. Solomon, H. Tran-Quoc, and J. Bullot, J. Non-Cryst.
Solids 77/78, 849 (1985).

°K. Mui, D. K. Basa, F. W. Smith, and R. Corderman, Phys. Rev. B 35,
8089 (1987).

1y, Katayama, T. Shimada, and K. Usami, Phys. Rev. Lett. 46, 1146
(1981).

Yp. Menna, A. H. Mahan, and R. Tsu, Proceedings of the 19th IEEE Photo-
voltaic Conference (IEEE, New York, 1987), p. 832.

1239/, Beyer, H. Wagner, and F. Finger, J. Non-Cryst. Solids 77/78, 857
(1985).

YR, R. Koropecki, R. Arce, L. S. De Bernardez, and R. Buitrago, J. Non-
Cryst. Solids 74, 11 (1985).

141.. 3. Bellamy, The Infrared Spectra of Complex Molecules { Chapman and
Hall, London, 1975), pp. 374-383.

15T, Imurs, K. Ushita, and A. Hiraki, Jpn. J. Appl. Phys. 18, L56 (1980).

g, J. Bell and P. Dean, Discuss. Faraday Soc. 58, 55 (1970).

"R. B. Laughlin and J. D. Joannopoulos, Phys. Rev. B 16, 2942 (1977).

‘83, P. Ponpon and B. Bourdon, Solid State Commun. 25, 875 (1982).

PR. R. Koropecki and R. Acre, J. Appl. Phys. 60, 1802 (1986},

2B, G. Yacobi, R. W. Collins, G. Moddel, P. Viktorovitch, and W. Paul,
Phys. Rev. B 24, 5907 (1981).

2'N. Saito, T. Yamada, T. Yamasuchi, I. Nakaaki, and N. Tanaka, Philos.
Mag. B 52, 9878 (1985).

2y Catherine, A. Zamouche, J. Boullot, and M. Gauthier, Thin Solid
Films 109, 145 (1983).

Arce et al 4546



