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Si K-edge XANES study of SiO,C,H, amorphous polymeric materials
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This work reports on x-ray absorption spectroscopy study at the Si K edge of several amorphous SiO,C,H.
polymers prepared by plasma-enhanced chemical-vapor deposition with different C/O ratios. SiO, and SiC
have been used as reference materials. The comparison of the experimental Si K-edge x-ray absorption near-
edge structure spectra with theoretical computations based on multiple scattering theory has allowed us to
monitor the modification of the local coordination around Si as a function of the overall C/O ratio in this kind

of materials.
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I. INTRODUCTION

Silicone-like amorphous materials with SiO,C,H, compo-
sitions prepared by either chemical methods' or plasma
processes® have found many applications in a large variety of
fields.*> Modulation of the properties of these types of ma-
terials is possible by changing the composition (i.e.,
Si:0:C:H ratio) or the atom distribution within their polymer
structure.® Thus, for example, their optical and dielectric
properties, their barrier diffusion behavior, or their wetting
properties can be tailored by modifying their structure and/or
the type of functional groups at the surface. Generally, the
structure of these polymers is characterized by means of in-
frared spectroscopy’ and x-ray photoemission spectroscopy.’
More recently, the use of synchrotron radiation has been in-
corporated to the methods currently available to structurally
characterize SiO,C,H, and other silicon containing
compounds.®!! A key issue of this structural characterization
is the determination of the local coordination arrangement
around the Si, as this local structure is critical for the deter-
mination of the dielectric and optical properties of this type
of materials.'?

In the present work, we face the structural determination
of the local environment around Si in a series of amorphous
Si0,C,H, thin films prepared by plasma-enhanced chemical-
vapor deposition (PECVD), where the C/O ratio in the films
has been controlled by conveniently adjusting the deposition
conditions. We have studied the x-ray absorption near-edge
spectroscopy (XANES) at the Si K edge in order to monitor
possible modifications of the Si neighborhood as a function
of the different C/O ratios. In this way, we have performed a
careful theoretical analysis of the Si K-edge XANES spectra
by assuming distorted SiO(C) coordinations with a total
number of four oxygen and carbon atoms around the silicon
(i.e., tetrahedral coordination). The analysis has permitted us
to establish a clear correlation between the different spectral
features and the local structure around Si in this kind of
SiO,C,H, amorphous materials.

II. EXPERIMENT AND METHODS

The SiO,C,H, thin films studied here have been prepared
by PECVD. Details about the preparation protocol can be
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found in Refs. 13 and 14. A single crystal of SiC and a SiO,
thin film grown by PECVD'? have been used as reference
samples. The composition of the silicone-like films has been
determined by Rutherford backscattering spectroscopy
(RBS) and elastic recoil dispersion analysis (ERDA) at the
ion accelerator of ARAMIS (Orsay, France).

For the present study, we have selected five samples
whose compositions and C/O atomic ratios are summarized
in Table I. It is worth noting that the reported compositions
correspond to the overall atomic content in the films, but this
does not imply that the number of Si—C and Si—O bonds
should reflect the reported values. XANES spectra were re-
corded at the Si K absorption edge at the SA32 beamline in
the SuperACO synchrotron (LURE, Orsay, France). A
InSb(111) double crystal monochromator was used for the
selection of photon energies (resolution of 0.75 at 2000 eV).
The spectra were recorded by measuring the drain current
through the samples (i.e., total electron yield detection).

The absorption spectra were analyzed according to stan-
dard procedures. Extended x-ray-absorption fine structure
(EXAFS) oscillations were obtained from the x-ray-
absorption spectra by subtracting a Victoreen curve followed
by a cubic spline background removal using the program
AUTOBK." The obtained signal, y(k), was normalized to the
edge jump. In all cases, Fourier transform has been per-
formed by weighting the EXAFS signals by the wave num-
ber in the k range 2<k=<11.8, multiplying x(k)-k by a
Kaiser-Bessel window and without phase correction.

TABLE I. Composition and C/O atomic ratio of polymeric thin
films as determined by RBS/ERDA.

Sample Composition C/0O atomic ratio
C Si07C4Ho 5.7
C’ Si0,,C sH; 4.1
B Si0,C4 ;H4 2.3
A Si0;5C; sHy 1
A’ Si0, 5C; sH3 1
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FIG. 1. (Color online) Comparison of the Si K-edge XANES
spectra of cubic 3C-SiC (black, O), SiO, (black, @) and the
Si0,C,H, compounds. The spectra have been vertically shifted for
the sake of clarity.

The computation of the Si K-edge XANES spectra was
carried out by using the multiple-scattering code CONTINUUM
based on the one-electron full-multiple-scattering theory.'® A
complete discussion of the procedure can be found in Ref.
17. Regarding the specific details of the computations, we
have taken advantage of the previous work performed in «
quartz and a-SiO,,'® where an extensive discussion of the
computational methods of the Si K-edge spectra can be
found. Accordingly, (i) the muffin-tin radii were chosen fol-
lowing Norman’s criterion with a 10% overlapping factor
and (ii) the final state potential was built up following the
screened and relaxed Z+ 1 approximation, with its exchange
and correlation parts (ECP) computed by using the real part
of the Hedin-Lundqvist (HL) potential. The calculated theo-
retical spectra have been further convoluted with a Lorentz-
ian shape function to account for the core-hole lifetime and
the experimental resolution.

III. RESULTS AND DISCUSSION

A. Si K-edge XANES and EXAFS spectra

The Si K-edge XANES spectra of the SiO,C,H, com-
pounds are shown in Fig. 1. They are compared with those of
the Si0, and SiC reference compounds. The Si K edge in the
Si0, thin film shows a strong and narrow white line and a
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broad structure at ~20 eV above the white line. By contrast,
the Si K-edge spectrum of SiC exhibits several absorption
features. In particular, its ~10 eV wide main absorption line
shows a shoulderlike contribution at the low-energy side. In
addition, there are both a weak feature and a huge resonance
at ~6 and ~14 eV above the main peak, respectively.
Hence, despite the fact that similar to the SiO, case, the first
neighboring arrangement around Si in SiC is also tetrahedral,
it seems that in this compound the contribution from further
shells to the XANES spectrum is rather significant.

The SiO,C,H, compounds exhibit a XANES spectrum
whose shape is quite different from either that of SiC or that
of SiO,. Similar to the amorphous SiO,, all the spectra are
characterized by a main absorption line without any addi-
tional spectral feature for energies above the edge. In a first
approach, this result confirms the expected short-range order
for the coordination of Si in the SiO,C,H, compounds. How-
ever, the shape of the main line is markedly different for all
the studied samples. Surprisingly, the spectral shape is very
different for A and A’ samples despite the fact that both
contain the same C/O ratio. Indeed, the spectral profile of
sample A’ is more similar to that of sample B that is char-
acterized by an intermediate value of the C/O ratio and that
exhibits a split main absorption line. In this regard, it should
be noted that the similar C/O ratio depicted by samples A
and A’ does not necessarily imply that they present the same
type of local coordination around silicon. XANES spectra of
samples C and C’, showing the highest C/O ratio, resemble
that of an amorphous Si,_,C,:H alloy.!” It is interesting to
note that by annealing at high temperatures of this alloy
compound, it releases hydrogen and renders crystalline SiC
with a XANES spectrum similar to that of the C' compound
in Fig. 1. Based on these results, it is likely that in polymers
C and C' the first coordination sphere around silicon mainly
consists of C atoms.

Trying to get a deeper insight into the modifications of the
local environments in the SiO,C,H, films of Si with different
C/0 ratios we have studied the Si K-edge EXAFS signals.
Figure 2 shows a comparison of the EXAFS spectra for
samples A—C and that of the reference SiO, compound.
Sample A belongs to the group of polymers showing the
smallest C/O ratio; in sample B, the C/O ratio is intermedi-
ate, while the highest ratio is found in sample C. As shown in
Fig. 2, the x(k)-k signals of samples with intermediate
(Sample B) and low (Sample A) ratios resemble that of SiO,.
This is evidenced by the similar frequency of the EXAFS
oscillation in all the cases. Differences are found in the am-
plitude of the signal, which is reduced for the polymers, and
in the shape of the feature centered at ~4.5 A~!. By contrast,
sample C shows modified amplitudes and frequencies along
the whole EXAFS spectral region. These results suggest that
the local environment of Si in samples A and B is similar to
that of SiO,, being modified for higher C/O ratios.

To clearly show the differences and similarities among
our samples and the SiO,, it is instructive to compare the
Fourier transform of the EXAFS spectra. This is shown in
Fig. 1 for samples A-C, as well as for the reference SiO,.
The Fourier transform (FT) signals of both samples A and B
are characterized by a main peak at the position of the first
coordination shell. These curves resemble the FT spectrum
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FIG. 2. (Color online) (Top panel) Experimental k-weighted
EXAFS signals of SiO, (black) and different SiO,C H, samples: A
(red), B (blue), and C (green). The spectra are displayed by using
the same scale and they have been vertically shifted for the sake of
clarity. (Bottom panel) Comparison of the modulus of the Fourier
transform of the experimental Si K-edge k-EXAFS spectra of SiO,
(black, dash-dotted) and SiO,C H, samples: A (red, dots), B (blue,
solid line), and C (green, dash).

of SiO, except for the slightly smaller intensity of the first
coordination peak that would indicate a less ordered arrange-
ment of the first coordination atoms around Si. By contrast,
sample C is characterized by a radial distribution where two
well-differentiated peaks can be distinguished in the first co-
ordination feature. This seems to indicate that the atom ar-
rangement around Si is very distorted with O and C atoms at
different bond distances towards Si. While this latter conclu-
sion is in agreement with a fingerprint assignment of the
XANES spectra, a similar evidence is not found for the low
and intermediate C/O ratio samples (see Fig. 1). Indeed,
while EXAFS of samples A and B points out the existence of
a single coordination shell around Si, XANES indicates that
in these samples the Si environment is significantly modified
with respect to that of SiO,. One possibility to account for
such an apparent contradiction is that as the C/O increases
some C atoms bond directly to Si substituting oxygen from
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FIG. 3. (Color online) (Top) Comparison of the experimental Si
K-edge XANES of cubic 3C-SiC (black, ¢) and the theoretical spec-
tra computed by using a real Hedin-Lundqvist ECP for a cluster
containing 87 atoms (blue, solid line). The calculated spectrum for
the first neighboring shell is also shown (red, dotted line). (Bottom)
Comparison of the theoretical Si K-edge XANES spectra computed
for the first coordination shell in both amorphous a-SiO, (black,
solid line) and 3C-SiC (red, dashed). In the case of a-SiO,, the
same computation performed by using a self-consistent-field real
Hedin-Lundgqvist potential is shown (blue, dotted line).

the first coordination sphere. In this way, two different Si-C
and Si-O contributions would be observed in the XANES
spectra although the difference in the interatomic distances
would not be large enough to yield a splitted peak in the first
peak of Fourier transform of the EXAFS signals.

B. Theoretical computation of the Si K-edge XANES spectra

To account for the origin of such a peculiar behavior, we
have performed ab initio calculations of the Si K-edge
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FIG. 4. (Color online) (a) Comparison of the theoretical Si K-edge XANES spectra computed for regular a-SiO, (black, solid line) and
the distorted structures (AR=0.04 A) in which C substitutes O atoms: 20+2C (red, dots) and 30+ 1C (blue, dashed). (b) Comparison of the
theoretical Si K-edge XANES spectra computed for regular a-SiO, (black, solid line) and the distorted 20+2C structures with
AR=0.04 A (purple), 0.09 A (red), 0.14 A (green), and 0.2 A (blue). (¢) Comparison of the theoretical Si K-edge XANES spectra computed
for the distorted structures (AR=0.2 A) with different C-O substitutions: 20+2C (blue), 30+1C (red), and 2C+2C (black). (d) Comparison
of the theoretical Si K-edge XANES spectra computed for regular a-SiO, (black, solid line) and the distorted 20+2C structure with
AR=0.2 A (blue, solid line) and for the same clusters adding 4H atoms in collinear Si-O-H and Si-C-H arrangements (dotted lines). For the
sake of clarity, no broadening has been applied to the computed signals.

XANES. Firstly, calculations have been performed for the
reference compounds SiC and amorphous SiO,. Figure 3 re-
ports the comparison of the experimental Si K-edge XANES
spectrum of SiC and that computed for a cluster including
atoms (87) located within a maximum interatomic distance
of 5.7 A around silicon. In the same figure, we show the
simulation performed for a small cluster that includes only
the first (4C) coordination shell around Si. This comparison
illustrates the long-range origin of the experimental spectral
features appearing beyond the main absorption line. Indeed,
as shown in Fig. 3, the contribution of the first coordination
shell in both SiC and a-SiO, is similar. In both cases, the first
nearest neighbors around the absorbing Si atom are arranged
forming a tetrahedron. Therefore, the only difference in these
clusters is, in addition to the interatomic distance, the nature
of the neighbor atom (C vs O). It is also interesting to note
that the spectral profile is mainly governed by the tetrahedral
geometry, so that if one tries to improve the computations by
using self-consistent-field (SCF) final-state potentials, only
the height and not the shape of the white line is affected.

The results of these calculations suggest that the behavior
of the Si K-edge absorption in the SiO,C,H, polymeric ma-
terials is not exclusively linked to a simple substitution of O
by C atoms as the C/O ratio increases. In addition, the ob-
served departure from the spectral shape of a-SiO, also re-
sults from a modification of the interatomic distances in a
tetrahedral arrangement. Therefore, we have considered both
the distortion of the tetrahedron and the substitution of O by
C atoms. In this way, Fig. 4(a) shows the comparison of the
computed XANES for the undistorted Si-40 cluster, and the
spectra calculated for clusters with a slight distortion
(AR=0.04 A) and different C-O substitutions. For such a
distortion, as shown in the figure, when one C atoms enters
in the neighborhood of Si, the width of the main absorption
line increases. Moreover, the effect of two C atoms placed at
the largest (AR=0.04 A) distance yields a splitting of the
white line. It should be noted that both the slight distortion
and the C-O substitution only modify the main absorption
line without affecting the high-energy region. This result is
in agreement with the unvarying line shape observed for the
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EXAFS spectra of the SiO,C,H, compounds with low (A and
A’) and intermediate (B) C/O ratios.

Then, we proceeded to increase the distortion of the tet-
rahedron for a fixed C-O substitution. The results are shown
in Fig. 4(b) for a 20+2C arrangement and a maximum dis-
tortion of 0.2 A. The modification of the Si K-edge absorp-
tion profile strongly resembles the experimental trend re-
ported in Fig. 1. This result points out that, in all the cases,
the effect of the C-O substitution induces a distortion in the
first neighboring tetrahedron around Si although the smallest
distortions are below the sensitivity of the EXAFS technique
to detect two different contributions in the first coordination
sphere. Finally, we tested the effect of the different C-O sub-
stitutions on the maximum allowed distortion of the tetrahe-
dron. As shown in Fig. 4(c), the height of the main absorp-
tion line decreases as the C content increases. For the
complete substitution of O by C, i.e., a 4C atoms environ-
ment with two different distances, a second peak appears at
the high-energy side of the white line. This profile repro-
duces the experimental XANES observed for both C and C’
compounds. For the sake of completeness, we have per-
formed the calculations on the same clusters but adding hy-
drogen atoms bonded (d~ 1.1 A) to both O and C ones in
collinear Si-O-H and Si-C-H arrangements. For such an ar-
rangement, one expects the maximum contribution of H at-
oms to the XANES spectra. However, as shown in panel d of
Fig. 4, the addition of hydrogen atoms does not account for
the observed experimental trend.

The scenario emerging from this XANES analysis is that
the tetrahedron coordinating Si in compounds C and C’ is
the carbon richest (~4C atoms) and the most distorted,
0.1<AR<0.2 A, within the series. For compounds B and
A’, the comparison of the computed and experimental spec-
tra suggests the occurrence of a distorted tetrahedron
AR=<0.1 A in which the long distance corresponds to two
carbon atoms. This effect seems less intense for compound
A. In this case, the number of oxygen atoms around silicon
must be higher than two, thus defining a local coordination
approaching that of SiO,. This picture suggests that the dis-
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tortion increases with C content, in agreement with the fact
that the interatomic Si-C distance in SiC is greater than the
Si-O one in a-SiO,.

IV. SUMMARY AND CONCLUSIONS

In this work, we have presented a study based on the
x-ray absorption spectra at the Si K edge of SiO,C,H_ poly-
mers with variable C/O ratios. The presence of carbon atoms
directly bonded to Si modifies the local environment around
this atom. For low C/O ratios in the compounds, no unam-
biguous conclusions can be obtained regarding the Si-C and
Si-O arrangements based only on the EXAFS information.
Information on this point can be obtained by detailed
ab initio multiple-scattering calculations of the Si K-edge
XANES of these systems. The comparison between the ex-
perimental XANES spectra and the results of the computa-
tions has shown that the peculiar behavior of the Si K-edge
XANES spectra of these materials can be accounted for by
considering both the substitution of oxygen by carbon atoms
in the SiO, tetrahedron existing in a-SiO, and its concomi-
tant structural distortion. Thus, the intensity ratio of the first
and second peaks sometimes appearing in the Si K absorp-
tion edge can be considered as a fingerprint for a semiquan-
titative evaluation of the number of Si-C and Si-O bonds
present in the samples. This information is interesting since
many technological properties of this type of material
strongly depend on this local coordination rather than on the
actual composition of the films.
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