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We have studied the effect of the film composition and the post-annealing treatment on both the first-
shell local structure around the Si atoms and the bonding states of amorphous hydrogenated silicon car-
bide films (a-Si„C&,.H), prepared by the plasma-enhanced chemical-vapor-deposition technique. The
local structure was characterized by measuring the extended x-ray-absorption fine structure at the Si E
edge, whereas the Si-H, C-H, and Si-C bond densities were determined by using Fourier-transform in-
frared spectroscopy. The Si/C atomic ratio and the total hydrogen content were measured by means of
the elastic-recoil-detection nuclear method. We have found that the Si-C and Si-Si bond lengths in the

a
first coordination shell are, respectively, 1.88 and 2.35 A, and are independent of both the film composi-
tion and the annealing temperature. Taking into account the presence of Si-H and C-H hydrogenated
bonds, we have obtained both qualitative and quantitative analyses of the short-range order changes, as a
function of (i) the composition of a-Si C& „.H (0.26~x ~0.91) alloys, and (ii) the annealing tempera-
ture (300 C~ T~ 850 C) of a-SiC:H films (x=0.5). The type of local disorder in the films was deter-
mined by calculating their corresponding short-range-order coefficients (gs; c), by means of a theoretical
model. We were thus able to show that, depending on the film composition, the short-range order is
characterized either by a chemical preference for Si-C nearest-neighbor pairs (for 0.26 ~ x & 0.55) or by
chemical clustering that favors the formation of Si-Si bonds in the local Si environments (for x ~0.77).
On the other hand, we show that thermal annealings of a-SiC:H films cause partial dissociation of hydro-
genated bonds (Si-H and C-H), which results in evacuation of hydrogen atoms and additiona1 Si-C bond
formation. These microstructural rearrangements are enhanced as the annealing temperature is in-
creased beyond 650'C, and occur with a strong local chemical ordering that favors the formation of Si-C
bonds. Concomitantly the stress of a-SiC:H films varies from highly compressive ( —1 GPa) to highly
tensile (+1 GPa), as the annealing temperature is increased from 300 to 850'C. Finally, we show that
this stress variation of a-SiC:H films correlates well with the variations of their partial coordination
numbers, their bond densities, and their degree of structural disorder.

I. INTRODUCTION

Amorphous hydrogenated silicon carbide (a-
Si,C& „.H) alloys continue to attract great interest from
both fundamental and application viewpoints. Due to
their unique optical, electrical and mechanical properties,
a-Si C& .H films cover a wide range of potential appli-
cations, such as solar cells, ' optoelectronic devices,
high-temperature engineering materials, coating materi-
als for biocompatible implants, and x-ray membranes for
x-ray lithography. ' The properties of these alloys gen-
erally depend on their structure and composition, allow-
ing their tailoring with optimized properties for a given
application. '

On the other hand, a-Si C, :H alloys constitute a
challenging material for fundamental studies of an amor-
phous ternary alloy with a complex disorder and variable
microstructure. a-Si C& .H alloys are expected to be
the most disordered semiconducting alloys as compared

to a-Si:H, a-Si Ge, :H, and a-Si N, :H alloys. '"
Indeed, in addition to the chemical disorder, the structur-
al disorder is enhanced because of (i) the various coordi-
nation geometries as a result of differences in Si-Si, Si-C,
Si-H, C-H, and C-C bonds lengths, and the different co-
valent radii of silicon and carbon atoms (in contrast to
silicon and germanium atoms having basically the same
covalent radii'); (ii) the possibility of formation of
homonuclear carbon bonds with various hybridizations
(sp, sp, and sp ); and (iii) the presence of Si-H and C-H
hydrogenated bonds, which induce a high compressive
stress in the as-deposited a-Si C, :H films. ' Their dis-
sociation, under the effect of high-temperature ( )600 C)
annealings, leads to an increase of the structural disor-
der. "

So far, plasma-enhanced chemical-vapor deposition
(PECVD) by rf glow discharge decomposition of silane
and a hydrocarbon gas (often, methane), is the most wide-
ly used method for preparing a-Si C& .H films. These
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deposited films have been the subject of numerous mi-
crostructural investigations using various analysis tech-
niques. "" ' Although the microstructure of a-
Si„C, „:H films closely depend on the deposition condi-
tions, " it arises from these studies that a-Si„C, :H
films present a macroscopic homogeneous but a rnicro-
scopic heterogeneous structure characterized by various
local environments. Proposed approaches for investigat-
ing these a-Si„C, :H alloys range from the model (ini-
tially developed from Si-H band infrared-absorption stud-
ies, ' ' ), which simply describes silicon carbide films as a
tetrahedral network where the C and Si atoms are ran-
dornly distributed and where only one single hydrogen is
bonded to each silicon, to those of recent works showing
that hydrogenated amorphous silicon carbide films are
microscopically heterogeneous with evidence for homo-
geneous or partial chemical ordering promoting heteroa-
tomic bonds in local environments. ' Few investigations
of the first coordination shell of Si atoms in a-Si C& „.H
alloys as a function of the film composition have been
also performed by means of extended x-ray-absorption
fine-structure (EXAFS) spectroscopy. These studies
revealed the presence of a tendency to local chemical or-
dering, ' especially for a-Si C, :H films with
x +0.5. However, in most cases, the first-shell local
structure was analyzed without taking into account the
presence of hydrogenated bonds (Si-H and C-H) in a-
Si C& „.H films. More recently, a step in the theoretical
studies of the microstructure of amorphous SiC films was
crossed by using ab initio molecular dynamics simula-
tions. Although only the nonhydrogenated and
stoichiometric SiC amorphous alloy has been considered,
the picture obtained for a-SiC alloy is rather complex and
can be summarized as follows: (i) about 40% of the
bonds formed by C atoms are homonuclear, (ii) C atoms
form bonds under both sp and sp hybridizations, and
(iii) Si atoms form Si-C and Si-Si bonds, where Si gives
rise to strongly distorted tetrahedral sites.

In this context, it is of particular interest to investigate
further the microstructure of these a-Si C& .H alloys to
answer many still open fundamental questions, such as
the predominant form of disorder, as a function of the
film composition, while considering the effect of hydro-
genated bonds on the local disorder, and the characteri-
zation of the short-range-order changes when the hydro-
genated bonds are dissociated under thermal annealings.
To this end, we have combined three techniques: (i)
EXAFS spectroscopy at the Si K absorption edge [a
unique probe capable of providing local pictures (bond
lengths and partial coordination numbers of Si-Si and Si-
C bonds) of the surroundings of the absorbing Si atoms];
(ii) Fourier-transform infrared (FTIR) spectroscopy; and
(iii) elastic-recoil-detection (ERD) nuclear method. These
latter two techniques allow the characterization of the
Si-H, C-H, and Si-C IR absorption bands and the deter-
mination of both the Si/C atomic ratio and the total hy-
drogen content, respectively. The combination of these
complementary methods has allowed us the achievement
of a detailed study of the first-shell local structure while
considering the presence of hydrogenated bonds, in a-
Si C, :H alloys.

The aim of this paper is threefold: (i) to determine the
predominant form of local disorder that best describes a-
Si„C, „:H films as a function of their composition; (ii) to
determine the short-range ordering changes induced by
thermal annealings of a-SiC:H films, and point out the
role of hydrogenated bonds (Si-H and C-H) in the
thermal-annealing-induced stress variation (from highly
coinpressive to highly tensile) of a-SiC:H films; and (iii) to
correlate this stress variation to both the bonding state
changes and the degree of structura1 disorder of a-SiC:H
films. Thus, in Sec. III, we first discuss our results on the
first-shell local structure of the Si atoms in a-Si C, „:H
films as a function of the film composition. Second, we
report a study of the Si local environments changes in a-
SiC:H stoichiometric films annealed from 300 C up to
850 C. Finally, we discuss the correlation of the stress of
a-SiC:H films with their bonding states and degree of
structural disorder. In Sec. IV, we present a quantitative
characterization of the type of local disorder of the a-
Si„C, „:H films, by means of a theoretical model, that
allows the calculation of the corresponding short-range-
order coefficient (its; c). For both film composition and
annealing temperature parameters, a detailed characteri-
zation of the short-range order of a-Si„C, :H alloys is
achieved, while taking into account the ratio of hydro-
genated bonds in the local environments.

II. EXPERIMENTAL AND EXAFS
DATA ANALYSIS

The a-Si C& .H films were prepared by rf glow-
discharge decomposition of silane and methane in a
PECVD reactor using argon as a gas carrier. They
were deposited on undoped, double side-polished and
(100) oriented 500-pm-thick silicon wafers of 3-in. diame-
ter at a substrate temperature of about 250'C. The total
gas pressure was 0.2 Torr. The rf power density at 100
kHz was approximately 0.3 W/cm . At this power densi-
ty, ' decomposition of both methane and silane occurs
and allows the deposition of a-Si„C& .H films with any
composition (0~x ~ 1). The composition of the film can
be controlled by varying the reactive gas Aow ratio
[g =SiH4/(SiH~+ CH4) ]. The deposition rate of a-
Si C& .H films increases with g. Stoichiometric films
(x =0.5) are deposited at g =0.3 and at a deposition rate
of about 1 pm/h. Films with thicknesses ranging from 1

to 2 pm were studied. The a-Si C, „:H films density
varies from 2.2 g/cm for C-rich films (x=0.25) to 2.4
g/cm for Si-rich films (x =O. g), with a maximum value
of about 2.5 g/cm around x =0.5 composition. The
incorporation of the hydrogen into the deposited a-
Si C, :H films is inherent to the PECVD deposition
process when the deposition temperature is lower than
800'C. Depending on the film composition, and under
the above-mentioned operating conditions, the hydrogen
content of a-Si C& .H films can reach a value of 29
at. %, as determined by ERD analysis.

The as-deposited a-SiC:H films are under a high
compressive stress (

—1 GPa). The film stress was deter-
mined by measuring the net radius of curvature of the
coated Si wafer. ' By using the rapid thermal annealing
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technique, the film stress was varied from —1 GPa
compressive to + 1 GPa tensile when the temperature is
increased from 300'C and 850'C. The 2-pm-thick a-
SiC:H films were isochronally annealed for 60 sec at tem-
peratures ranging from 300 C to 850 C in steps of 50 'C
under a [N2 (90%)/H2 (10%)]gas flow.

The Si-C, Si-H, and C-H infrared absorption bands
were characterized by FTIR spectroscopy using a FTIR-
BOMEM DA316 spectrometer in the (400—4000) cm
spectral region. ' Using the oscillator strengths ' and
the integrated absorbances of Si-C, Si-H, and C-H
stretching bands (peaking around 780, 2100, and 2900
cm, respectively), the corresponding Si-C, Si-H, and
C-H bonds densities were estimated. ' '

The ERD nuclear method was used to depth profile hy-
drogen, silicon, and carbon elements in a-Si C1 .H
films. Consequently, the Si/C atomic ratio and the total
hydrogen content of the films were precisely determined.
The ERD experiments were performed using a Cl beam
of 30 MeV incident energy.

Extended x-ray-absorption fine-structure measure-
ments at the Si K absorption edge were carried out at the
double-crystal monochromator beamline of the Canadian
syncrhotron radiation facility at the Aladdin Synchrotron
Radiation Center (SRC). The Aladdin storage ring of
SRC was operated at 800 MeV and 200 mA. The absorp-
tion spectra were recorded by detecting the sample
current, which is proportional to the x-ray absorption, '

as a function of the incident photon energy in the
(1780—2500)-eV range. To improve the signal-to-noise
ratio, up to four spectra of each sample were recorded
and summed.

Figure 1(a) shows the Si K edge x-ray-absorption raw
spectra of a-Si C1 „.H films as a function of the film
composition. When the composition is varied, one can
qualitatively observe changes in both the near-edge ab-
sorption region and the extended fine-structure oscillato-
ry part of the spectra. A specific study of the near edge
x-ray-absorption region will be reported in a separate pa-
per. Here we will focus on the EXAFS oscillations re-
gion (from about a few tens of eV above the absorption
edge up to 2500-eV photon energy).

The EXAFS signal was extracted from the raw x-ray
absorption spectrum and analyzed according to the pro-
cedure reported in Ref. 32. Basically, the data analysis
procedure consists of (i) transforming the spectra from
energy to IC space with k multiplication; (ii) subtracting
the nonoscillatory background generated by fitting the
data by a three equal-section cubic spline function, and
thereby isolating the characteristic EXAFS oscillations of
the absorption coefficient; (iii) Fourier-transforming the
k -weighted oscillations in R space to obtain the approxi-
mate radial position (noncorrected from the phase shift)
of the coordination shells surrounding the Si absorbing
atoms; (iv) sorting out and back transforming in the IC
space the peak corresponding to a given coordination
shell. This yields the characteristic EXAFS oscillations
originating from a chosen coordination shell; and, finally,
(v) curve fitting of these characteristic oscillations with
the known backseat tering amplitudes and phase-shift
functions of the individual components involved in a
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given environment; this allows the extraction of the quan-
titative structural parameters of the sorted out coordina-
tion shell. We have used a nonlinear least-square
multifile based fitting procedure developed by Aebi
et al. More details on the reliability, and the advan-
tages of using this procedure are discussed in Ref. 32.

Single crystalline Si (c-Si) and silicon carbide (p-SiC)
were used as reference compounds, as shown in Fig. 1(b),
to extract the backscattering amplitude and the phase-
shift function of the Si-Si and Si-C pairs of atoms, respec-
tively. Prior to the measurement, the Si(100) sample was
cleaned using a HF-based recipe. The P-SiC sample was
analyzed as received. Figure 2 shows the radial distribu-
tions of the c-Si and p-SiC reference compounds. For c-Si
(100), the most prominent peak corresponds to the first
coordination shell composed of four Si atoms located at
2.35 A (once the phase shift is taken into account). For
p-SiC, the first-shell peak is due to the four C atoins lo-
cated at 1.88 A. The second coordination shell of p-SiC
structure is composed of 12 Si atoms at a distance of
3.08 A.

From EXAFS analysis of a-Si„C, :H films, the
short-range-order around the Si atoms was characterized
by determining the following structural parameters: (i)
the interatomic distance (R s, s, and R s; c ); (ii) the partial
coordination numbers (Ns; s; and Ns; c, i.e., the number
of Si and C atoms nearest neighbors of the silicon absorb-
ing atoms, respectively); and (iii) the Debye-Wailer factor
or the mean-square relative displacements, along the
absorber-backscatterer direction. These latter values are

FIG. 1. Si E edge x-ray-absorption raw spectra (a) of a-
Si„C& .H films as a function of the film composition, and (b) of
P-SiC and Si(100} single-crystal reference compounds. The
spectra have been vertically displayed for convenience.
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FIG. 2. Radial distribution functions of the k'-weighted
EXAFS oscillations of the P-SiC and Si(100) reference com-
pounds. Si-Si and Si-C pair first-shell contributions are indicat-
ed together with the Si-Si pair second coordination shell peak,
in the case of P-SiC sample.

relative to the disorder factor in the reference compounds
and will be noted Ao. s; sj and Ao. s; c.

III. RESULTS AND DISCUSSIONS

A. Short-range-order changes as a function
of the a-Si„C& „.H film composition

Figure 3 shows the Fourier transform of the k-
weighted EXAFS oscillations of the a-Si„C, :H films
with compositions varying from carbon-rich (x =0.26) to
silicon-rich (x =0.91). From these radial structure func-
tions, it is clearly observed that (i) only peaks correspond-
ing to Si-C and Si-Si pair first-shell contributions are
present (i.e., there are no significant peaks at higher radi-
al positions) indicating a lack of long-range order in these
alloys; and (ii) the Si-C and Si-Si peak components vary in
opposite ways with the composition (x), i.e., Si-C peak
gradually vanishes while Si-Si peak continuously grows
when the film composition changes from carbon-rich to
silicon-rich. One can note that for x)0.77 composi-
tions, the Si-C peak is embedded in the background oscil-
1ations and, consequently, cannot be extracted with
confidence.

The first-shell peaks were treated as described in the
previous section. The structural parameters obtained, as
a function of the a-Si C& ..H film composition, are sum-
marized in Table I. Over all the investigated composition
range (x =0.26 —0.91), the average bond lengths of the
Si-Si and Si-C bonds in the first coordination shell were
found to be composition independent and equal to their
crystalline values, namely, 2.35 and 1.88 A, respectively.
Similar results were reported by other authors in the case
of a-Si C& .H alloys or even a-Si Ge, :H alloys.
This behavior was interpreted as a consequence of the
presence of structural disorder sufhcient to allow the re-
laxation of the distances to their "molecular"
values. "

The partial coordination numbers (Ns; s; and Ns; c)
provide an averaged picture of the local arrangements of
the Si and C atoms, respectively, in the first coordination
shell of the absorbing Si atoms. All the coordination
numbers are normalized to 4, which is the total coordina-
tion number value found in the first coordination shell of
the reference samples. Figure 4 shows the variation of
Xsj c and X»» as a function of the film composition.
The investigated composition range can be divided in two
parts. The first part (0.26(x (0.55) in which both Si-C
and Si-Si pair components were extracted allowing to fol-
low the arrangements of C and Si atoms in the local Si
environments. In the second composition range
(x )0.77), only Si-Si environments related data were ob-
tained from EXAFS analysis, due to both the low carbon
content and the weak C backscattering cross section.

In the first composition range, the total coordination

TABLE I ~ The Si first coordination shell structural parame-
ters of a-SiC:H films as a function of the film composition. N,
R, and her are the coordination number, the interatomic dis-
tance and the disorder factor for both Si-C and Si-Si pairs in the
first coordination shell; e: reference samples; t: Ns, is the total
coordination number of Si atoms, as seen by EXAFS
(Xs; =As; s;+Ns; c). For the x =0.77 and 0.91 compositions,
no Si-C bond contributions were observed by EXAFS.

Sample
Si-C

2.+Si-C +Si-C ~~Si-C +Si-Si

(A) (10-' A')

Si-Si
2. .+Si-Si ~~Si-Si +Si

(A) (10 A )

P-SiC*
Si(100)*
a-Si C, :H
x =0.26
x =0.35
x =0.55
x =0.77
x =0.91

0.83 1.88
0.75 1.88
0.47 1.89

0.99
0.33
1.20

2.35

0.12 2.36
0.18 2.38
0.26 2.37
0.56 2.36
0.78 2.35

1.7
7.0
0.44
1.2
1.2

0.95
0.93
0.73

Si-C

() AA I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

0 1 2 3 4 5 6 7

R (A)

FIG. 3. Fourier-transform of the k -weighted EXAFS oscil-
lations of a-Si C& .H films as a function of the film composi-
tion. Peaks corresponding to the Si-C and Si-Si pair first-shell
components are indicated.
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FIG. 5. Variation of the Si-H bond density with the a-

Si„C, „:Hfilm composition.

number (Ns;), seen by EXAFS, decreases from 0.95 to
0.73 when the composition is varied from x =0.26 to 0.55
(see Fig. 4). The difference between the Ns; values and
the maximum possible value of 1, is due to bonds not seen
by EXAFS, namely, Si-dangling bonds and/or Si-H hy-
drogenated bonds. For the Si-H hydrogenated bond con-
tribution, we have determined the Si-H bond densities of
a-Si„C& .H films by means of FTIR analysis. Figure 5
shows that the Si-H bond density of a-Si„C, :H films
increases when the silicon content is increased. By using
these FTIR data, we calculated the ratio of Si-H hydro-
genated bonds, which is more appropriate for the com-
parison of the EXAFS and FTIR data. We found that
for compositions x =0.26, x =0.35, and x =0.55, 5.8%,
5.6% and 7.2% of the Si bonds are hydrogenated, respec-
tively. Thus, for the C-rich compositions (x=0.26 and
0.35), the proportion of Si bonds not seen by EXAFS
(about 5%%uo and 7%, respectively) is due to the Si-H
bonds. This suggests that there is no significant propor-
tion of Si dangling bonds in a-Si C& .H films at these
C-rich compositions. For the x =0.55 film composition,
the EXAFS analysis yields a total coordination number
(Ns;) of 0.73, and FTIR measurements show that about
7.2% of the Si bonds are hydrogenated at this film com-
position. The sum of both contributions shows that
about 20% of the Si-X bonds (other than Si-C, Si-Si, and
Si-H pairs) are still missing. This proportion is most like-
ly due to Si dangling bonds.

On the other hand, in the x =0.26—0.55 composition
range, Fig. 4 clearly shows that Ns; c decreases more rap-
idly than Nsj s; increases when the silicon content is in-
creased. It is worth noting that by using the C-H bonds
density data, provided by FTIR measurements, we de-
duced that about 10% and up to 20% of C bonds are
hydrogenated at x =0.26 and 0.55 compositions, respec-
tively. This significant increase of the C-H bond ratio,
between x=0.26 and 0.55 compositions, occurs to the
detriment of Si-C bond formation contributing thereby to
the observed variation of Ns; C. Conversely, the slight in-
crease of the Si-H bond ratio, observed in the
x =0.26—0.55 composition range, contribute to the slow

increase of Ns; s;. This suggests that when the silicon
content is increased from x =0.26 to 0.55, only some of
the C atoms are replaced by Si atoms in the local environ-
ments of Si atoms because of the incorporation of H
atoms.

In the second composition range (x =0.77 and
x =0.91), Fig. 4 shows a change in the slope of the Ns; s;
variation curve, indicating a significant enrichment of the
Si local environments in Si-Si pairs. Indeed, Ns;s; in-
creases by about 40% while the average silicon content of
the films is only increased by about 18% (from x =0.77
to 0.91). For both x =0.77 and 0.91 compositions, about
10% of Si bonds are hydrogenated. This suggests that
the observed behavior of Nsj s; is most likely due to local
chemical ordering that favors the formation of Si-rich lo-
cal environments, as it will be discussed hereafter. A pos-
sible decrease of the Si dangling-bond ratio, when x
varies from x =0.55 to 0.91, would also contribute to the
observed rapid increase of Nsj sj.

In order to investigate the nature of the short-range or-
dering of Si environments in a-Si C& „.-H alloys, we com-
pared the local carbon concentration, deduced from the
ratio of partial coordination numbers [i.e.,
Ns; c l(Ns; s;+Ns; c)j, to the average atomic carbon con-
tent, determined from the average Si/C atomic ratio mea-
sured by ERD. Figure 6 shows the local carbon concen-
tration data as a function of the average atomic carbon
concentration of a-Si„C& ..H alloys. In addition to the
results of the present work, data from other works
are also plotted on the same figure for comparison pur-
poses. If the alloy is randomly disordered, the probabili-
ty of finding C atoms as nearest neighbors of Si atoms
would be proportional to the C atomic concentration.
From Fig. 6, it is clear that Si and C atoms in a-
Si C& „.H alloys are not randomly mixed, since all plots
deviate from the line characterizing the random disorder.
The other alternative for Si and C atom local arrange-
ments is a complete chemical ordering. In this latter
case, it is worth recalling the (i) nonmiscibility of Si and
C atoms in the crystalline phase, and (ii) that the chemi-
cally ordered crystalline form only exists at the SiC
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lations of the as-deposited and the 850'C annealed a-SiC:H
films.

stoichiometric (x =0.5) composition. " Thus, for a-
Si C, :H films at equiatomic proportions of Si and C
(x =0.5), the complete local chemical ordering would
correspond to a Si atom having only C atoms as nearest
neighbors and would yield thereby a local carbon content
of 100%. Figure 6 shows that, at x=0.5 composition,
the local carbon content varies between 60% and 80% in-
dicating that while a-SiC:H alloys are not completely
chemically ordered, nevertheless they exhibit a significant
tendency for chemical ordering. One can also note that
for atomic carbon contents higher than 70 at. %, the lo-
cal carbon content is equal to 100%. ' ' This is due to
the lower and lower silicon concentration in the alloy in-
creasing thereby the probability for silicon atoms to be
surrounded only by C atoms. Nevertheless, a chemical
preference for Si-C bond formation might contribute to
the attainment of such a high carbon content in the first-
shell of Si atoms. For low atomic carbon contents ( ~ 30
at. %), corresponding to Si-rich a-Si„Ct .H alloys, Fig.
6 shows that there is a preference for forming Si-Si bonds
to the detriment of Si-C bonds. A quantitative analysis of
the composition induced local order changes, based on a
short-range-order coefBcient calculations, will be present-
ed in Sec. IV.

B. Short-range-order changes induced
by thermal annealing of a-Sip 5Cp 5 8 films

Since Si and C atoms are immiscible in the crystalline
phase and the only chemically ordered form of the Si-C
alloy exists at the stoichiometric composition, it is of par-
ticular interest, from the chemical-ordering tendency
point of view, to study the effect of thermal annealings on
the evolution of the rnicrostructure of the amorphous
stoichiometric a-Sio 5Co ~:H (a-SiC:H) alloys, starting
from the highly hydrogenated (=30 at. %) as-deposited
material and following the reorganization of the short-
range order as the hydrogenated bonds (Si-H and C-H)
are being dissociated in the annealed films.

As-deposited and annealed (550'C, 650'C, 750'C, and

TABLE II. The first-shell structural parameters of a-SiC:H
films as a function of the annealing temperature.

a-SiC:H

Samples

Si-C
2&s -c &s -c ~o s -c &s'-s

(A) (10 A )

Si-Si
2. .~ Si-Si ~~si-Si +Si

(A) (10 A )

As-deposited 0.49 1.89
Annealed at
550'C
650 C
750 C
850'C

0.49 1.89
0.49 1.89
0.84 1.90
0.87 1.88

1.90 0.18 2.35 0.67 0.67

1.00
0.57
5.40
5.00

0.16 2.36
0.16 2.37
0.11 2.38
0.10 2.38

0.75
1.96
1.80
1.82

0.65
0.65
0.95
0.97

850'C) a-SiC:H films were investigated. Figure 7 com-
pares the Fourier transform of the k -weighted EXAFS
oscillations of the as-deposited and the 850'C annealed
films. It appears that when the a-SiC:H film is annealed
at 850 C, the Si-C pair contribution increases, whereas
the Si-Si pair contribution vanishes. To quantitatively
follow the effect of thermal annealings on the short-range
order, the Fourier-filtered first-shell EXAFS signals cor-
responding to the different annealing temperatures were
fitted and the obtained structural parameters are reported
in Table II.

From the as-deposited up to the 850'C annealed a-
SiC:H samples, the interatomic distances (Rs; c and
Rs; s;) in the first shell do not show any significant varia-
tion and are nearly equal to their corresponding values in
crystalline materials (P-SiC and c-Si, respectively). This
invariance of A s; c and R s; s; when the annealing temper-
ature is increased up to 850'C is most likely due to the
presence of structural disorder. " Indeed, Zhang et al. '

have deduced from optical-absorption measurements of
a-SiC:H films that the hydrogen evacuation, under the
effect of high temperature (400—950'C) annealings, leads
to an increase of the structural disorder.

The effect of thermal annealing on the reorganization
of Si and C atoms in the first-shell can be followed
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FIG. 8. Variation of the coordination numbers (Xs; s;, Xs; c,
and Xs;) of the Si first coordination shell in a-SiC:H films as a
function of the annealing temperature. The total coordination

si is the sum of Nst-si and Nsi-c.

through the partial coordination numbers (Ns;c and

Ns; s; ). Figure 8 shows the variation of Ns; s;, Ns; c, and

Ns; (Ns; =Ns; s;+Ns; c) coordination numbers as a func-
tion of the annealing temperature. Two temperature
ranges can be distinguished: (i) from as-deposited up to
650'C, Ns;c and Ns;s; remain constant; and (ii) for
higher temperatures (650'C (T ~ 850'C), Ns; s; slightly
decreases, whereas Xs; c significantly increases. When
the temperature is varied, Ns; abruptly increases from
about 0.65 (for T ~ 650'C) to around 0.95 (for T ~ 750'C)
as a consequence of a significant increase of the propor-
tion of Si-C nearest-neighbor pairs in the first shell. The
difference between Ns; and the maximum value of 1 is
due to both the Si-H hydrogenated bonds and the Si-
dangling bonds. At the 850'C annealing temperature,
the Ns; value (0.97) suggests that the proportions of both
Si-H and Si-dangling bonds are significantly reduced, as
compared to the as-deposited a-SiC:H films.

Fourier-transform infrared measurements permit us to
selectively follow the variation of the Si-H, C-H, and Si-C
average bond densities as a function of the annealing tem-
perature. Figure 9(a) clearly confirms that at T) 650'C,
a significant decrease of the hydrogenated bond (Si-H and
C-H) densities occurs together with a substantial increase
of the Si-C bond density. Indeed, Si-H bond density
starts to decrease at temperatures higher than 500'C,
whereas C-H bonds, more thermodynamically stable,
abruptly dissociate at temperatures ~ 650 C. Once both
Si-H and C-H hydrogenated bonds are dissociated pro-
ducing Si- and C-dangling bonds, the latter tend to
recombine and additional Si-C bond formation takes
place. From Si-H and C-H bond densities, and by using
an average film density of 2.5 g/cm, the bonded hydro-
gen content was estimated and plotted as a function of
the annealing temperature [see Fig. 9(b)j. From the as-
deposited up to the 500'C annealed films, where the hy-
drogenated bond average densities do not vary yet, the es-
timated bonded hydrogen content from FTIR measure-
ments agrees with the total hydrogen content measured
by ERD technique, ' indicating that in the as-deposited
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FIG. 9. Variation of the Si-H, C-H, and Si-C average bond
densities (a), and of the bonded hydrogen content (b) of a-SiC:H
films as a function of the annealing temperature.

C. Correlation between the stress of a-SiC:H films
and their degree of structural disorder

The as-deposited a-SiC:H films are under high
compressive stress ( = —1 GPa). Their thermal annealing

a-SiC:H films all hydrogen atoms are bonded to either Si
or C atoms. When the annealing temperature is varied
between 600'C and 850'C, Fig. 9(b) clearly shows that
the bonded hydrogen content of the a-SiC:H films de-
creases by about 55%.

By considering the Xs; value provided by EXAFS and
the Si-H hydrogenated bonds ratio deduced from FTIR
analysis, we estimated the proportion of Si-dangling
bonds as a function of the annealing temperature. Figure
10 shows that the Si-dangling bonds ratio slightly in-
creases from the as-deposited to the 650'C annealed
films, and then rapidly decreases to reach zero at 850'C.

In summary, the microstructural changes produced by
thermal annealings of a-SiC:H films, are (i) the significant
dissociation of Si-H and C-H hydrogenated bonds leading
to additional Si-C bonds formation (Fig. 9 and Ns; c in
Fig. 8); (ii) the slight dissociation of Si-Si bonds (Ns; s; in
Fig. 8); and (iii) the significant reduction of the propor-
tion of the Si-dangling bonds (Fig. 10). These two latter
points contribute also the observed increase of Si-C pairs
in the Si first coordination shell. A quantitative analysis
of these short-range-order changes, induced by thermal
annealings, will be presented in Sec. IV.



4910 M. A. EL KHAKANI, D. QUAY, M. CHAKER, AND X. H. FENG 51

0 I I I I
1

I I I I
i

I I4

yQ

0
3P

CO

N

20—
I

I)

1p As-deposited
'a

I
~ Iool

0 IIII I I I I I

200 300 400

I I
1

I I I I
i

I I I I
1

I I I I
i

I I I

a-SiC:H

0
—~

I I I I I I I I I I I I I I 'LI I a I

500 600 700 800 900

Annealing temperature ('C)

FIG. 10. The estimated Si-dangling bonds ratio of a-SiC:H
films as a function of the annealing temperature.

0
23() I I I I

l
I I I I

i
I I I I

l
I I I I

l
I I I I

/

I I I I
/

I I

0
'g 220—
0

~g 210— b, I
As-deposited

I
I

~ 200—

/

o 190 —p,

180—

170 I I I I I I I I I I I II I I I I I I I I I I I I I « I I I I

200 300 400 500 600 700 800

Annealing temperature ('C)

6

5 o
0

4
0

3'.
0

2

Q

4

induces a stress variation from compressive to tensile
when the annealing temperature is varied from 300'C to
850'C. A nearly zero-stress and a high tensile stress
( —+1 GPa) states are reached at 650'C and 850'C an-
nealing temperatures, respectively. ' This variation of
the stress of a-SiC:H films is a consequence of the micros-
tructural changes, induced by the annealing process. ' So
it is important to further understand the correlation be-
tween the stress of a-SiC:H films and their corresponding
short-range-order characteristics.

In our a-SiC:H films, the disorder factors (burrs; s; and
b.o.s; c) provided by EXAFS analysis (see Table II) show
that ho. z; s; remains nearly constant up to 550'C and then
increases to a nearly constant value over all the
(650—850)'C temperature range. On the other hand,
ho. s; c shows a more pronounced variation with a
minimum value at T=650'C (the temperature which
corresponds to the nearly zero-stress state) and particu-
larly high values for temperatures higher than 750 C
(corresponding to the high tensile stress states). The vari-
ation of ho. s; c as a function of the annealing temperature
of a-SiC:H films is shown in Fig. 11. The ho. disorder
factor is composed of two contributions, namely, the
structural and the thermal components. Since we com-
pare ho. s; c of the same Si-C pair at the same temperature
(all the measurements were carried out at the room tem-
perature), one can expect that the thermal component, as
estimated by using a simple Einstein model, ' would be
the same for all the samples. Consequently, the observed
variation of Ao. s; c mainly represents the variation of the
structural component. This, in particular, shows that a
nearly zero-stress state of a-SiC:H films corresponds to a
minimum of structural disorder for the Si-C pair.

From FTIK analysis, we have also observed that when
the annealing temperature is increased in the
(300—850'C) range, the Si-C stretching absorption band
[peaking around (782+4) cm ', for all samples] presents
a minimum line width [full width at half maximum
(FWHM)] value at 650 C and broadens for the other
temperatures, especially at annealing temperatures higher
than 750'C (see Fig. 11). This broadening of the Si-C ab-
sorption band is due to an enhancement of the bond angle
distortions in the amorphous network. Thus, both

FIG. 11. Variation of both the disorder factor of the Si-C
bonds (ho.s;c deduced from EXAFS data analysis) and the
linewidth (FTHM) of the Si-C stretching absorption band (de-
duced from FTIR analysis) with the annealing temperature of
a-SiC:H films.

EXAFS and FTIR measurements show that, from a
structural viewpoint, the stress does not significantly
affect the mean value of the Si-C bond lengths in the first
shell, but seems to be more correlated to the degree of
structural disorder in a-SiC:H films. This is in contrast
to other systems such as Cu/Ni multilayers, where the
thermal expansion mismatch between Cu and Ni does in-
duce variations in the bond lengths and where EXAFS
was used to determine the residual stresses for each layer
respective of their elemental type (Cu or Ni) (more de-
tails on either the interface sensitivity of EXAFS or the
use of neutron diffraction method to investigate internal
stresses in certain composite systems can be found in
Refs. 37 and 38).

In summary, the dissociated C-H and Si-H bonds con-
tribute to the compressive stress release through two
mechanisms: either by (i) forming additional Si-C bonds
and leading to a part of the initially bonded hydrogen
atoms to be evacuated, or (ii) reforming other Si-H and
C-H bonds under geometrical configurations allowing a
minimization of the Si-C bond angle distortions in the
amorphous network. An increase of the annealing tem-
perature beyond 650'C enhances both the hydrogenated
bonds dissociation and the atom mobility which result in
both: (i) a significant decrease of both the bonded hydro-
gen content and the Si-dangling bonds ratio, and (ii) a
substantial increase of the Si-C bond density in the film.
As a consequence of the rapid and random evacuation of
the hydrogen atoms and the subsequent formation of the
chemically favored Si-C bonds, the formed Si-C bonds are
angularly distorted leading to an enhancement of the
structural disorder in the annealed ( ~750 C) a-SiC:H
films. ' The strengthening of the interaction among Si
and C atoms in the amorphous network, through the
formed Si-C bonds, leads to a film contracting and pro-
duces tensile stress. ' This tensile stress does not affect
the first-shell bond lengths, but seems to be accommodat-
ed through Si-C bond angle distortions.
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IV. SHORT-RANGE-ORDER
COEFFICIENT CALCULATIONS

A. The model

N,', ,=(1— )N„N, /(N &, (2)

where Ns, and Nc represent the total coordination num-
bers for Si and C atoms, respectively, and ( N ) is the
average coordination number defined as

(N ) =xNs; + ( 1 x)Nc— (3)

and (iii) qs; c is the maximum value which can be reached
by gs; c. For x%0.5, gs; c can be calculated according to
Eq. (4). For x =0.5, gs; c has to be deduced from Eq. (1)
by introducing the maximum value of Ns; c (Ref. 26) (see
Sec. VI C)

In order to quantify the observed tendency for
nearest-neighbor chemical ordering in our a-Si C, :H
alloys, we used the theoretical model developed by Car-
gill and Spaepen. This model permits the characteriza-
tion, in binary alloys, of departures from complete ran-
dom disorder by calculating a short-range-order
coefficient. In the case of a-SiC alloys, this short-range-
order coefficient (71s; c) can be written as follows:

ns -c= its -c/ns c= [(Ns -c /Ns -c ) —1 l/r)s 'c

where (i) Ns; c is the partial coordination number of Si-C
pairs, experimentally provided by EXAFS; (ii) Ns; c is the
partial coordination number of Si-C pairs theoretically
calculated in the case of a randomly disordered alloy, in
the case of a-Si„C, alloys, its value is given by

coordination numbers were calculated according to

N» =1—[X H—],
where X=Si or C, and [X—R] represents the ratio of
X-H hydrogenated bonds. Second, we calculate the gs; c
by using the effective total coordination numbers (Ns;
and Nc instead of Ns; =Nc =1).

These effective total coordination numbers could be
lowered further due to the presence of Si- and/or C-
dangling bonds and/or to sp hybridization of C atoms in
the case of C-rich films. These two factors were not con-
sidered in this calculation, since we do not have any relat-
ed quantitative data. Nevertheless any lowering of Xs;
and/or 2Vc would yield higher values of gs; c, supporting
even more the presence of chemical ordering (in the
0.26 ~ x ~ 0.55 composition range). Moreover, in a-
Si C&

..H films, C atoms are mainly incorporated as
methyl groups, ' ' reducing thereby the possibility of
forming graphitic-type bonding. ' The probability of for-
mation of sp C bonds and/or having C-dangling bonds
would increase with the carbon content. If we assume
that about 20%%uo of C bonds are under sp hybridization
and/or dangling bonds in C-rich films (x =0.26 and
0.35), the corresponding values of mals; c increase by about
10%. Similarly, if we consider that at x =0.55 composi-
tion, there is about 20% of Si-dangling bonds the calcu-
lated value of gs; c increases by about 20%, with respect
to the case where the ratios of sp bonding and/or dan-
gling bonds were not considered. In the two following
paragraphs, we will use this adapted model to character-
ize the short-range order of a-Si C& .H alloys in both
cases: (i) as a function of the film composition, and (ii) as
a function of the annealing temperature of a-SiC:H films.

gs-'c=(1 x)Nc/»s «r (1 x)Nc +xNs

gs-c=xNs /(1 x)Nc ««Ns +(1 x)Nc . (4) B. Film composition ( a-Si„C, :H)

Thus, the short-range-order coefficient (gs; c) permits the
comparison of the ordering in a-Si C& „alloys of
different compositions. Indeed, it clearly appears from
Eq. (1) that for a randomly disordered alloy, gs; c (or
gs; c) is equal to zero. Any departure froin a random dis-
order towards a chemical ordering with chemical prefer-
ence for Si-C nearest-neighbor pairs leads to a gs;c&0
positive value. Finally, gs; c&0 negative value denotes a
departure from random disorder towards chemical clus-
tering, i.e., chemical tendency against Si-C bond forma-
tion.

Before calculating gs; c, we should recall that H atoms
are also incorporated in our a-Si C& .H films, giving
rise to Si-H and C-H bond formation and, consequently,
affecting the total coordination numbers of Si and C
atoms. Thus, to adapt this model originally developed
for binary alloys to our (Si, C, H) ternary alloys, we disso-
ciated the problem in two steps. We first take into ac-
count the hydrogen incorporation by estimating the ra-
tios of Si-H and C-H bonds from FTIR and ERD data, as
previously explained. ' This allows us the calculation
of the effective total coordination number, that is the
average number of nonhydrogen nearest neighbors (Ns;
and Nc for Si and C atoms, respectively). The effective

For each composition, the effective total coordination
numbers (Ns; and Nc), the partial coordination number
of Si-C pairs (Ns; c provided by EXAFS), and the calcu-
lated short-range-order coefficients (qs; c, vPs c, and gs; c)
are reported in Table III. For the completely
chemically-ordered P-SiC reference material, the short-
range-order coefficients present the maximum value of 1

(i.e. , gs;c=gs;c=i)s;c=1). Table III shows that for a-
Si C, „:H films in the (0.26 ~ x ~ 0.55) composition
range, the normalized short-range coefficients (gs; c)
present positive values, indicating a significant tendency
for chemical preference for Si-C nearest-neighbor pairs.
The gs; c value increases from 0.31 to 0.57 when the car-
bon content is increased from 45 to 74 at. %%uo(x=0 .55 to
0.26), suggesting an enhancement of the local chemical-
ordering tendency in C-rich films. For both x =0.77 and
0.91 Si-rich alloys, if a value of zero is used for Ns; c (no
significant Si-C pair contribution was detected by
EXAFS), highly negative values of vPs; c are yielded, sug-
gesting a chemical preference that favors Si-Si nearest-
neighbor pairs.

Both qualitative and quantitative analysis of the
EXAFS data lead us to answer the short-range-order
question, that is to say whether chemical ordering or ran-
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TABLE III. Effective total coordination numbers and short-
range-order coefficients of a-Si C& „.H alloys at different corn-
positions. Ns; and Nc are the effective total coordination num-

bers of Si and C atoms, respectively; Ns; c is the partial coordi-
nation number of Si-C pairs, provided by EXAFS; gs; c and qs; c
are the maximum and the normalized value, respectively, of the
calculated short-range-order coefficient (qs;c). For x=0.91,
the C-H absorption band cannot be detected by FTIR due to the
low C-H bond densities. Consequently, the corresponding Nc
value cannot be calculated.

Sample

a-Si, C, :H
x =0.26
x =0.35
x =0.55
x =0.77
x =0.91

Nsi

0.94
0.94
0.93
0.91
0.90

0.90
0.89
0.80
0.88

Ns-c

0.83
0.75
0.47

9si-c

0.21
0.25
0.22

~max

0.37
0.57
0.70
0.29

0
gsi-C

0.57
0.44
0.31

dom disorder best describes the local environments of the
Si atoms when the composition of the a-Si C, :H alloys
is varied. Over all the investigated composition range,
these alloys cannot be described as randomly disordered
alloys. Indeed, two composition ranges can be dis-
tinguished: (i) for the (0.26 ~ x ~ 0.55 ) composition
range, even if the values of gs;c are still far from the max-
imurn value of 1, there is a significant tendency for local
chemical ordering, i.e., chemical preference for Si-C
heteroatomic bonding. This chemical preference tenden-
cy increases with the carbon content. The incorporation
of H atoms also influences the short-range-order since the
proportion of Si-H and C-H hydrogenated bonds in-
creases to the detriment of Si-Si and Si-C bond formation,
when the silicon content is increased; and (ii) for the Si-
rich a-Si„Ci „.H alloys (x ~0.77), the obtained results
suggest a presence of chemical clustering that favors the
formation of the Si-Si bonds against the Si-C heteroatom-
ic bondings in the local Si environments.

TABLE IV. The effective total coordination numbers (Ns;
and Nc) and the corresponding short-range-order coefficient

(gs; c) of as-deposited and annealed a-SiC:H films as a function
of the annealing temperature. Ns; c is the partial coordination
number of Si-C pairs, provided by EXAFS.

a-SiC:H Samples

As-deposited
Annealed at 550'C
650'C
750 C
850'C

Nsi

0.92
0.92
0.94
0.96
0.97

Nc

0.85
0.86
0.90
0.95
0.95

Nsc

0.49
0.49
0.49
0.84
0.87

Qsi-c

0.12
0.12
0.07
0.75
0.81

V. CONCLUSION

produce a complete Si-C bond recombination of the
created Si- and C-dangling bonds during the annealing
(Fig. 10 shows that the maximum of the Si-dangling
bonds ratio occurs at 650'C).

For temperatures higher than 650 C, the qs; c presents
high positive values, indicating that structural rearrange-
ments occur with a strong local chemical ordering that
favors the formation of Si-C heteroatomic bondings. As
the temperature is increased, the gs; z value approaches
more and more the maximum value of 1 (corresponding
to p-SiC), suggesting that the first-shell environments in
the annealed (T ~750 C) a-SiC:H films evolve towards
P-SiC-like environments. If we extrapolate the mls; ~ vari-
ation in the (750—850) 'C temperature range to higher
temperatures, a complete chemical ordering (qs;c=1)
would occur at about 1200'C annealing temperature.
This prediction is consistent with the experimental re-
sults, since it has been observed that crystallization of a-
SiC:H PECVD films occurs at around 1200'C annealing
temperature. At such high temperatures, it is worth
mentioning that the tensile stress would be very high and
could produce a film delamination, depending on the film
thickness.

C. Thermal annealing of a-Sio ~Co 5.H

To calculate the gs; c values, we used the quantitative
data of Fig. 9(a), and estimated the e6'ective total coordi-
nance numbers (Ns; and Nc ), according to the same pro-
cedure explained above. In the case of x =0.5 composi-
tion, gs,"c is equal to 1 [by introducing Ns, "c=1, corre-
sponding to p-SiC crystalline material, in Eq. (1)j. Thus,
gs; c=ps; c and the tendency for Si-C nearest-neighbor
chemical ordering can be directly characterized by gsj
The calculated values of gs; c as a function of the anneal-
ing temperature of a-SiC:H films are reported in Table
IV.

For the as-deposited and the 550 C annealed a-SiC:H
films, gs;c presents a value of 0.12 indicating the pres-
ence of a chemical preference for Si-C heteroatomic
bonding. At 650'C annealing temperature, the gsj
slightly decreases to a value of 0.07, suggesting a slight
departure from a random disorder or a weak tendency for
local chemical ordering. This could be the result of the
annealing temperature which is likely not high enough to

We have achieved both qualitative and quantitative
characterizations of the short-range-order and the bond-
ing states of amorphous hydrogenated silicon carbide
films as a function of the film composition and the post-
annealing temperature parameters. We were thus able (i)
to determine the predominant form of the local ordering
which best describes our a-Si C& „.H films as a function
of their composition or the post-annealing temperature;
(ii) to determine the microstructural changes induced by
thermal annealings of a-SiC:H films; (iii) to point out the
effect of hydrogenated bonds on both the composition-
induced local disorder and the stress of the a-Si C, „:H
films; and (iv) to correlate the thermal-annealing-induced
stress variation of a-SiC:H films with both their bonding
state changes and their degree of structural disorder.

Regarding the composition related local disorder, we
have shown that over all the investigated composition
range (0.26~x ~0.91), a-Si„C, „:H alloys cannot be de-
scribed as randomly disordered alloys. Two main compo-
sition ranges with different predominant forms of local
ordering were identified: (i) the 0.26~x ~0.55 composi-
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tion range, where the a-Si C& .H alloys exhibit a
significant tendency for local chemical ordering. This
tendency for chemical preference for Si-C nearest-
neighbor pairs was found to increase when the carbon
content is increased; and (ii) the Si-rich (x +0.77) com-
position range, where the short-range-order was found to
be characterized by chemical clustering that promotes
the formation of Si-Si nearest-neighbor pairs against
heteroatomic Si-C bonding, in the Si local environments.

For the thermal-annealing-induced local ordering
changes, we have shown that the annealing of a-SiC:H
films from 300'C to 850'C temperatures produces mi-
crostructural changes together with a strong stress varia-
tion. In particular, we have pointed out that this stress
variation is correlated to the (Si-H, C-H, and Si-C) bond
densities variations and to the degree of structural disor-
der. Indeed, it is shown that at 650'C, the compressive
stress relaxation is caused by the hydrogenated bond dis-
sociation leading, on one hand, to the formation of a frac-
tion of Si-C bonds and thereby to the evacuation of some
hydrogen atoms and, on the other hand, to the redistribu-
tion of H atoms to reform Si-H and C-H bonds under

configurations which minimize Si-C bonds angle distor-
tions (the Si-Si and Si-C bond lengths in the first coordi-
nation shell were found to be stress independent).
Beyond 650 C, the hydrogen atom evacuation, the dan-
gling bonds reduction, and the additional Si-C bonds for-
mation are thermally enhanced, increasing thereby the
structural disorder. The formation of Si-C bonds is
favored by the strong chemical preference for Si-C
nearest-neighbor pairs (highly positive gs; c values) in the
first coordination shell of Si atoms. Thus, when the an-
nealing temperature is increased (T)650'C), the tensile
stress in a-SiC:H films increases, as a consequence of the
additional formation of Si-C bonds.
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