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Amorphous silicon carbide (a-Sir I ,$,:H) samples having x < 0.4 were studied by infrared 
and visible spectroscopy. Treatment by factor analysis of the 2000-2100 cm - ’ 
absorption band of the spectra allows us to interpret this particular vibrational mode in terms 
of only two independent contributions. The analysis shows that polarization inductive 
shifting is not significant. An IR study of the evolution of this band during oxidation of porous 
samples was also performed. All the experimental evidence indicates that the growth of 
free volumes induced by the presence of carbon plays the most important role in the behavior 
of the 2000-2100 cm - ’ band upon stoichiometric variations. 

I. INTRODUCTION 

In a-Si:H and a-SiC:H the existence of two peaks (or 
more precisely one peak and one shoulder) in the 2000- 
2100 cm - i range of the IR spectrum is well known. Al- 
though the whole band is generally attributed to stretching 
modes of Si-H bonds, the detailed assignment of the modes 
is still controversial, and there are two conflicting interpre- 
tations. According to one of these, the 2000 cm - ’ peak 
corresponds to the stretching mode of Si-H bonds in the 
bulk.’ This interpretation comes from infrared (IR) spec- 
tra of molecules of organosilicons, which show a vibration 
corresponding to the stretching mode of Si-H bond in 
mono, di, and trihydride groups between 2208 and 2050 
cm - ‘.’ The observed shift to 2000 cm - ’ of a-Si:H is at- 
tributed to a depolarizing effect produced by the vibrating 
dipole in the solid. In this model the interpretation of the 
2080-2100 cm - i feature is not so clear, however. Some 
authors attribute this mode to the presence of SiH2 (dihid- 
ride) group,3 while other authors1’4 ascribe this mode to 
the contribution of two types of vibrations: one of them 
due to multiply hydrogenated groups like SIH, and SiH, 
and another due to the presence of Si-H bonds on the inner 
surface of microvoids (diameter >2 A). The first of these 
contributions is accompanied by bending modes around 
900 cm - ‘, whereas the second is not. 

The other point of view,’ however, challenges the 
above interpretation by suggesting that the splitting of the 
stretching band is exclusively due to structural effects. In 
this alternative model, the difference between the 2000 
cm-’ and the 2100 cm - ’ peaks is attributed to environ- 
mental effects produced by the existence of voids. In other 
words, the 2000 cm - * mode corresponds, to SiH in an 
amorphous network, and the 2100 cm - r mode corre- 
sponds to SiH or SiHz in the inner surface of voids. 

In the case of a-Sir _ ,C,:H, a global shift takes place in 
the stretching band. of the SkH vibration as the composi- 
tional parameter x increases. Lukovsky6’7 assigns this shift- 
ing to modifications in the StH bond length due to the 
greater electronegativity of carbon atoms neighbors rela- 

tive to silicon. In a similar way, Wieder et al.* attribute the 
shifting to a variation of polarizability due to the presence 
of neighboring carbon atoms. If no nucleations or prefer- 
ential chemical order are present, these models predict a 
linear behavior of the shifting as a function of carbon con-’ 
tent, x. Beyer and Me11,9 however, find experimental evi- 
dence that the shifting is not linear for samples having low . 
carbon content. 

Mahan et al.” claim that the global frequency varia- 
tion is due to the appearance of a “shifted” mode at - 2 100. 
cm- ‘, to the detriment of the 2000 cm - ’ peak. They 
associate the shifted mode partially with the presence of 
SiH2 and mainly with the existence -of microvoids which 
correlate with the carbon content. Recently, small angle 
x-ray scattering results have been reported which support 
this hypothesis, showing that the microvoids number den- 
sity increases when the carbon content increases.” 

In this work, we report a systematic study of the in- 
fluence of the carbon content (~~0.4) on the 2000-2100 
cm-’ absorption band. The factor analysis method12 was 
applied to study the evolution of this absorption band and 
the existence of two phases related to the Si-H bonds en- 
vironments was deduced. Also, the analysis showed that 
polarization inductive shifting is not significant in the stud- 
ied range of x. 

These conclusions, together with results from the evo- 
lution of the stretching mode during the oxidation of 
a-SiC:H porous samples, suggest that the most important 
effect on the behavior of the 2000-2100 cm - ’ band is that 
of the growth of free volumes or voids induced by the 
presence of carbon in the material. The spectra vary con- 
tinuously as would a linear combination of the two phases 
already present in pure a-Si:H, in agreement both with the 
Wagner-Beyer model5 and the Mahan et al. results.” 

II. EXPERIMENTAL DETAILS 

The samples were prepared by rf glow discharge de- 
composition of gaseous mixtures of methane and silane. A 
parallel plate capacitively coupled reactor was used. In or- 
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der to get films with different carbon content, the gas mix- 
ing ratio y = [CI&]/[CH, + SiH,] was varied from 0 to 
0.87. For all the samples, the substrate temperature was 
260 “C, the deposition chamber pressure 50 Pa., the total 
flow rate 10 seem and the rf power density -70 
mW/cm2. Film thicknesses were between 0.4 and 0.6 pm 
in all the samples. 

Of the nine samples, two correspond to y = 0.0 (pure 
ca-Si:H), and the others with the gas mixing ratio y = 0.12, 
0.30, 0.40, 0.50, 0.60, 0.71, and 0.87. In all cases a variety 
of substrates were used to allow different measurements: 
high resistivity polycrystalline silicon for the IR analysis, 
Corning glass 7059 for the thickness and optical constants 
measurement and’either stainless steel or crystalline silicon 
for Auger and XPS measurements of the carbon content. 
The IR spectra were taken with a Perkin Elmer model 
580B double beam spectrophotometer connected to a 
PE3500 data station. The data were processed in a VAX 
780/11 computer. All the measurements were performed 
using a. bare substrate as a reference. The UV-Vis-NIR 
spectra were taken in the 350-2500 nm range using a Per- 
kin Elmer 330 double beam spectrophotometer. An optical 
condenser was used in order to obtain a -0.7 X 1 mm2 spot 
in the spectrometer beam. The optical constants were cal- 
culated following the procedure of Swanepoel.13 To mea- 
sure the compositional parameter x, results from the Au- 
ger, XPS and optical constants were used. 

Sputter etching was performed to clean the sample sur- 
faces before the Auger and XPS measurements. The etch- 
ing was maintained until a uniform carbon signal was ob- 
tained, an indication of steady state in the preferential 
sputtering process. Then the C atomic concentration was 
derived taking into account the sputtering yield of Si and 
C. The results obtained by this method were compared 
with those obtained cleaning the samples with HF follow- 
ing the method of Y. Katayama et a1.l4 

Finally the carbon content parameter x was also in- 
ferred using the correspondence between the refractive in- 
dex n and x.15*16 

The results for the compositional parameter x versus 
gas mixing ratio y are shown in Fig. 1, which shows that all 
these techniques give essentially the same results. 

Ill. PRINCIPAL FACTOR ANALYSIS 

In order to interpret the data, we use the Principal 
Factor Analysis (PFA) method. The PFA method is well 
described in the literature,12 and we only describe it briefly 
here. The validity of this method follows from that of our 
assumption that the measured spectrum of any sample is a 
unique linear combination of the spectra resulting from n 
fundamental vibrations, each of which arises from a dif- 
ferent physical environment which does not change from 
sample to sample. For measured spectrum Ak(&) (the ab- 
sorbance of the kth sample at wavelength Ai) we have: 

n 
Ak(Ai) = C ckjfj(Ai),- 

j=l 
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FIG. 1. Compositional parameter x as a function of the gaseous ratio 
mixture y measured by AES (A ), XPS (0 ), inferred from the refractive 
index (Refs. 14 and 15) (0). The solid line is t6 aid the eyes. 

where f&) is the unknown spectrum of fundamental vi- 
bration j at wavelength il, ck/ is its concentration in sample 
k and n denotes the number of fundamental spectra. De- 
fining “data” and “fundamental” matrices S and F by Ski 
= Ak(&), and FJ = fj(/zi), respectively, we note that Eq. 
(1) can be viewed as one representation of S in a vector 
space. To be more specific, for 1 ii’s and t samples, there 
are an infinite number of t X n matrices K and n XI ma&i- 
ces (T such that 

S=Ko. (2) 

By hypothesis, the only physically meaningful such decom- 
position of S is that in Eq. ( 1 ), which remains to be de- 
termined. 

The notion of an abstract vector space implies the ex- 
istence of a set of basis vectors oi forming the columns of 
matrix (T in Eq. (2). One such set is furnished*’ by the 
eigenvectors Qi of the Hermitian tx t covariance matrix 
Z=S’S (ST is the transpose matrix of S ), such that 

ZQj=;l&-. (3) 

Note that, from Eq. ( 1 ), there would be exactly n nonzero 
eigenvalues A were there no experimental error and that t 
must be larger than n. The presence of error introduces 
unphysical additional eigenvalues. We describe below our 
criteria for eliminating these unphysical quantities. 

A convenient form of Eq. (2) is: 

{K}a==(SQ)QT={SQ)Q - ‘, (4) 

where the ith column of Q is f&. According to our criteria, 
we form matrix Q’ from the p1 principal eigenvectors such 
that: 

S*F={K*)[~]*={SQ*)[Q*~]~~S. (5) 

Koropecki, Alvarez, and Arce 7806 
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FIG. 2. Three spectra of a-S& -,C!,:H samples normalized to the maxi- 
mum height A: x = 0; B: x = 0.12; C: x = 0.39. 

S* has less experimental error than the original data in S, 
even though the quantities in Eq. (5) are abstract. Physi- 
cally meaningful values are derived from the target trans- 
formation method, which exploits physical hypothesis by 
assuming a transformation T such that Eq. ( 1) becomes: 

S={C){F)={K*T)[T%+]. (6) 

The expression for transformation T is derived through 
least squares fitting to measured spectra whose decompo- 
sitions are assumed known. 

It is necessary to know the values of the concentrations 
ckj for at least n - 1 components for some spectra, accord- 
ing to the physical hypothesis tested.” Application of T 
produces predicted values of ckj (k = 1,2) in agreement 
with the target. Because of the vector space formulation 
PFA automatically performs the following steps: (1) it 
determines the Fji for amorphous Si, and (2) derives the 
ckj for the other samples from knowledge of the Fjb 

In Sec. IV we perform the abstract factor analysis de- 
termining the number of independent components. In Sec. 
V we discuss possible hypotheses to explain the existence of 
two independent components, and perform the target 
transformation using a model in accord with one of the 
hypothesis and in Sec. VI we present results of an oxida- 
tion experiment which support the validity of the hypoth- 
esis made for the PFA target transformation, discarding 
the other ones. 

IV. ABSTRACT FACTOR ANALYSIS 

Figure 2 shows the behavior of the spectra of the 1600- 
2600 cm = ’ Si-H stretching mode for three samples with 
different carbon contents. The rest of the spectra are sim- 
ilar and are not displayed. 

The data matrix S was constructed with the absor- 
bance spectra of the nine samples, for 300 wavelengths 
between 1800 and 2300 cm - ’ seven of them having dif- 

TABLE I. Results of the application of factor analysis: A, is the jth 
eigenvalue, FI and RE are, respectively, the factor indicator function and 
the real error. 

FI 
.i s (x10-4) RE 

162.38 16.50 0.105 
25.38 5.32 0.026 

0.16 5.37 0.019 
0.34 5.93 0.014 
0.12 8.09 0.012 
0.10 11.60 0.010 
0.04 22.80 0.009 
0.03 84.20 0.008 

ferent carbon content and two with x = 0. As it is ex- 
plained later on, these last are necessary for accuracy of 
error estimation. 

Results of factor analysis are summarized in Table I, 
where we show the eigenvalues /zi of the covariance matrix, 
the real error RE, and the factor indicator function FI. RE 
is a measure of the difference between the “pure” data and 
the raw experimental data defined as:12 

RE(I)=( ,A1 Aj)‘/2i( t(Z--n) )(R. (7) 

Here t is the number of rows in the data matrix (i.e., 9 
samples), i is the number of eigenvectors considered for 
the data reproduction, and 1 is the number of channels, i.e., 
the number of columns in the data matrix (i.e., 300 col- 
umns). The factor indicator function FI was empirically 
defined by Malinowski and Howery12 as: 

FI(I’)=RE/(Z- L+)~. (8) 

It is expected12 that, if the experimental error is uniformly 
distributed during the measurement, the FI function will 
present a minimum for i equal to the true number of sig- 
nificant factors ~1. 

In order to get the number of significant factors, we 
take into account four different criteria. The first criterion 
considers that the number of independent components is 
equal to the minimum number of eigenvalues which makes 
the RE lower than the experimental error of the data ma- 
trix S. To estimate the experimental error, we performed 
factor analysis for two samples of pure a-Si:H prepared in 
nominally identical conditions. In this case, there is only 
one independent component and the experimental error 
coincides with the RE obtained using only one eigenvector 
to reproduce the data matrix. The experimental error turns 
out to be 2.5 x 10m2 and comparing it with the RE of 
Table I, we observe that including only two components 
reduces RE to less than or approximately equal to the 
experimental error. 

The second criterion establishes that the FI function 
presents a local minimum when the number of eigenvalues 
considered coincides with the true number of significant 
factors.12 From Table I, it can be seen that this criterion 
leads to the existence of two factors. 
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FIG. 3. Plot of the components of the 1st to 4th eigenvectors obtained 
from the factor analysis. 

The third criterion involves the study of the plots of 
the eigenvector Qi of matrix-Z. In Fig. 3 it can be seen that 
the third and following components give very scattered 
plots. This scattering was attributed18 to the statistical in- 
distinguishability of the eigenvalues from zero. 

Finally, the statistical test of the chi-squared functionrg 
resulted in two independent components. 

Therefore, all our criteria agree in giving two signifi- 
cant factors for the Si-H absorption band. These results 
imply that there is no significant inductive shifting of any 
portion of the studied spectrum, as a function of x. Were 
such the case, we would have found a number of compo- 
nents equal to the number of spectra considered because 
the shifted modes are independent of each other. To sum- 
marize, within the experimental errors the factor analysis 
until this point indicates the existence of only two different 
components. 

The existence of two factors imply limitations to the 
nature of the structure of the material, allowing us to es- 
tablish some conclusions, even though the two physically 
significant spectra remain unknown as yet. As is well 
known, the silicon carbide alloy could have a strong polar 
structure,6’7 which could account for the shifting of the 
stretching band through the dependence of frequencies on 
the bonding chemistry of the Si-H oscillators next nearest 
neighbors,6 and, less strongly, by effects produced by the 
host.7 In other words, the effect of electronegativity of car- 
bon atoms (or radicals involving carbon atoms),- which is 
larger than those of the substituted silicon atoms, produces 
an inductive shifting of the vibrational peak: Both the Luk- 
ovsky6,’ and the Wieder et aI.’ models attribute the fre- 
quency shift entirely to inductive effects. Both models, 
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which consider that no nucleation or chemical order is 
present in the structure, lead to a linear behavior of the 
frequency shift as a function of the carbon content x. In 
such models the PFA would lead to a number of compo- 
nents equal to the number of spectra of samples with dif- 
ferent x. Three possibilities remain: 

(a) The shift is due to inductive effects but nucleation 
takes place. So independent of the carbon content, the Si-H 
bonds have only two alternative environments: the a-Si:H 
environment or the carbon altered environment. 

lb) When carbon is present, the hydrogen prefers sites 
which have a definite type of environment during the dep- 
osition process, creating two phases. 

(c) Inductive shifting due to substituting carbon is not 
significant and the two fundamental spectra are associated 
with another phenomenon. 

Taking into account the Wagner-Beyer model’ which 
suggests that the bands in -2000 and -2080 cm - ’ in 
pure a-Si:H are exclusively due to structural differences in 
the environment of the Si-H oscillators, and the Mahan et 
a1.l’ results for low carbon content a-SiC:H, we formulate 
the following model to test hypothesis (c) : 

In both pure a-Si:H and aSi, -,C,:H with x up to 
-0.4, the SiH and the SiH2 oscillators have two different 
environments. The differences are exclusively structural: 
the band at 2000 cm- ’ corresponds to modes related with 
SiH bonds in the bulk, whereas the mode in 2080 cm - * 
corresponds to the stretching vibration of Si-H bonds or 
SiHz groups on the inner surface of voids or free volumes. 
The only effect of the carbon content increment is to in- 
crease the fraction of free volume in the material, and, no 
significant inductive effect take place. 

It remains to identify the physically significant compo- 
nents, compatible with the formulated hypothesis. As we 
have shown in Sec. III, from the point of view of the factor 
analysis method, the target transformation provides a way 
to reach this goal. It is necessary to know the weight of at 
least n - 1 components for some spectra in order to per- 
form the target transformation’2 (these weights are the 
so-called- “target values”). Taking into account our hy- 
pothesis, the spectrum of the pure a-Si:H was decomposed 
into two Gaussians, which were assumed as the fundamen- 
tal spectra for PFA. After this procedure, it was found that 
there is a 58% contribution of the Gaussian curve corre- 
sponding to the 2000 cm -. ’ vibration frequency, related to 
the total area of the whole band..Therefore a value of 58% 
was taken as the target value for the pure a-Si:H samples. 
The resulting two components are illustrated in Fig. 4 and 
their relative weights in all the spectra in Fig. 5. These 
components deviate very little from the Gaussians used in 
the decomposition, indicating the consistence of the proce- 
dure. In order to reconstruct each one of the measured 
spectra it is necessary to perform linear combinations with 
both components, i.e.: 

S(x) =q (xl Xfl + cz(x) xfi, (9) 

where S(x) is the spectrum to be reconstructed, f i and 
fi are the first and the second components shown in Fig. 4. 
and cl(x) and c2(x) are appropriate weights provided by 
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FIG. 4. First and second components obtained assuming the hypothesis 
that both components are present in the pure a-Si:H. 

the target transformation process. The weights cl and c2 
are plotted as a function of the compositional parameter x 
in Fig. 5. 

Therefore, considering as mentioned in Sec. III the 
measured spectra as vectors belonging to a vectorial space 
(the “factor space”), we have found a basis with physical 
meaning in the frame of the proposed model. 

The resulted components, shown in Fig. 4 were fitted 
by Gaussian curves using a Levenberg-Marquardt algo- 
rithm.” The Gaussian curves are centered at 2006 and 
2085 cm-’ and their respective widths are 72 and 68 
cm ‘~. ‘. Therefore, according to our model, the band with 
shape approximately Gaussian, centered at 2006 cm _ ’ is 
due to stretching vibrations of Si-H oscillators embedded 
in a bulk environment, and the band at 2085 cm-’ is 
associated with SiH or SiH2 groups on the inner surface of 
voids. 

3 
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> r- 
5 0.6 

ii 
I- 0.4 
G 

0” 0.2 
ii 

s 

0. I 0.2 0.3 0.4 
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FIG. 5. Relative weight of the first and second components. 

2000 2050 2100 2150 

WAVENUMBER [cm-‘] 

FIG. 6. Negative band in the differential spectrum of an oxidized a-SiC:H 
sample with high carbon content. The abscissa was obtained by subtract- 
ing the spectrum of the oxidized sample from the spectrum of the as- 
deposited sample. 

Up to this point we have shown that the individual 
bands at 2006 and 2085 cm - ’ are good targets for the 
a-Si:H and low x a-Si, _ ,C!,:H spectra. However, the above 
mentioned hypotheses (a) and (b) are possible. It is, there- 
fore, necessary to perform independent experiments that 
allow us to confirm the assignments of the 2006 cm - ’ 
band to a “bulk environment” and the 2085 cm - ’ band to 
“void environment.” To confirm these assignments we 
studied the behavior of the stretching band of Si-H bonds 
in a-SiC:H samples, during an oxidation experiment. Oxi- 
dation experiments21 have been useful to elucidate the po- 
rous nature of the structure of the a-SiC:H, and, as we will 
show in the next section, they are a good tool for the 
analysis of the nature of the Si-H stretching band behavior. 
Moreover, the results of the oxidation experiment support 
the validity of the hypothesis made for PFA target trans- 
formation, discarding hypotheses (a) and (b) . 

V. OXIDATION EXPERIMENT 

In a previous paper,‘l tie showed that samples with 
high carbon content (x> 0.4) incorporate oxygen when 
exposed to air. We attributed the diffusion-like behavior of 
the oxygen incorporation to the existence of a porous net- 
work connected to the atmosphere. This work was per- 
formed by studying the behavior of the 1500-300 cm - ’ 
region in the -differential spectra of a sample with-different 
exposure times to air. These differential spectra result by 
subtracting the spectra obtained after different exposure 
times from the spectrum of the as-prepared sample. 

Here we report results for the 2000-2100 cm - ’ range 
in the differential spectra of high carbon content oxidized 
samples (x-0.4). 

Considering the differential spectrum for a sample with 
x-0.4, exposed six months to atmosphere at room tem- 
perature we get a sharp negative band. peaking at 2080 
cm - ’ (see Fig. 6). On the other hand, samples having a- 
smaller carbon content do not present evolution in their 
spectra. 
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FIG. 7. Evolution of the height of the negative band in the differential 
spectra as a function of oxygen content. 

As we pointed out in the cited work,“’ a long period is 
needed to detect significant variations in the IR spectrum. 
A series of isothermal annealings at 200 “C in air were 
performed in order to speed-up the oxidation process. Un- 
der these conditions, no aging effects were detected in the 
low carbon content samples, whereas the differential spec- 
tra of high carbon content samples have the same shape of 
those obtained during room temperature oxidation. The 
differential spectra of the annealed samples also present a 
band peaking at 2080 cm- ‘, suggesting the same evolution 
mechanisms. 

Figure 7 shows the height of the 2080 cm - * peak as a 
function of the integrated area of the absorption band at 
1030 cm - ‘, which corresponds to the stretching mode of 
Si-0-Si bridges.‘t Although the strength of the Si-0-Si os- 
cillator is unknown, the silicon-oxygen bond density is pro- 
portional to the area under this absorption band. There- 
fore, Fig. 7 shows that the negative band in 2080 cm - ’ 
increases monotonically as the oxygen content increases. 
Note that the oxygen is attached only to the inner walls of 
the porous network. 

The nature of the 2080 cm - ’ negative band is not 
clear, although there is no doubt that is related with the 
stretching mode of the Si-H bonds. The negative band 
might mean either that hydrogen is displaced by the oxy- 
gen incorporated during the air exposure or that the envi- 
ronment of the same Si-H bonds is affected by the presence 
of oxygen. 

Whatever the nature of the negative band, we want to 
point out that whenever we have displacement of hydrogen 
during oxidation or local modification of the environment 
by the oxygen, only the Si-H bonds connected with the 
surface of the porous network can be affected. Therefore 
the band peaking in -2085 cm - ’ must be assigned to the 
stretching of Si-H bonds in the inner surface of voids or 
free volumes. However, this result is clearly incompatible 
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with the alternative hypotheses (a) and (b), mentioned in 
Sec. IV, therefore we must conclude that inductive effects 
are negligible. 

VI. CONCLUSION 

PFA was applied to the a-Sir -,C,:H IR spectra for 
0 <:x ~0.4. The results indicate that the Si-H stretching 
spectra have two independent contributions. To identify 
these contributions a model was tested using the target 
transformation technique. As a result we identify the con- 
tributions as a band peaking in 2006 cm - ’ due to the 
stretching of SiH bonds in the bulk, and a band at 2085 
cm-’ due to the stretching of the same oscillators (or a 
mixture of SiH and SiH,) in the inner surface of free vol- 
umes or voids. The latter are probably due to either the 
preparation conditions and/or as a consequence of limita- 
tions in the mechanisms of aggregation in the presence of 
CHs groups. In order to confirm the model, an experiment 
was performed showing that during the oxidation of car- 
bon rich porous samples, a band in - 2080 cm - ’ decreases 
which must be associated to SiH or SiH, oscillators located 
in the inner surface of the porous structure. This result 
supports the model made to perform the target transfor- 
mation and discard hypothesis based on inductive effects. 
The oxidation experiment and the PFA results indicate 
that the Si-H bond stretching bands has a continuous be- 
havior from x = 0 to x = 0.4 obeying a unique structural 
model. This model supports both the Wagner-Beyer 
model5 and the Mahan et al. results.1o 
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