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We studied the local bonding structure of the hydrogenated amorphous silicon-carbon alloy system
~a-Si12x Cx :H!. The chemistry of the carbon incorporation in the alloys for 0,x,0.6 was analyzed by infrared
and visible spectroscopies. The material was deposited in a controlled atmosphere of argon and hydrogen by rf
cosputtering of Si and C targets. We found that up to x'0.2 the carbon atom prefers to bond in a chemically
disordered configuration, i.e., homonuclear bonds are favored. Between 0.2,x,0.6 a tendency to chemical
ordering is apparent. These results are consistent with the behavior of the optical gap, the Urbach energy, and
the density of defects of the material as a function of x. @S0163-1829~97!11807-0#

I. INTRODUCTION

In recent years quite important attempts to create goodquality a-Si12x Cx :H films have been made.1 However, the
different possibilities of carbon bonding make an accurate
control of the deposition process difficult, leading to a material with a relatively high density of defects. There is abundant literature devoted to study the alloy deposited by
plasma-enhanced chemical vapor deposition ~PECVD!
~Refs. 2–26! and rf sputtering ~SP!.27–42 As shown in Table
I, the question of the local environment of the constituent
atoms of the alloy is still a matter of debate. Indeed, the
understanding of the local arrangement of the atoms is important for future improvements of optical and transport
properties of the material.
Chemical order, i.e., the preferred formation of heteronuclear bonds, is a characteristic feature in stoichiometric
amorphous Si-C alloys. This follows from the fact that heteronuclear bonds are more stable than homonuclear
bonds.43,44 Furthermore, the rigidity of both bond lengths and
bond angles of the atoms forming the alloy is a strong driving force to maximize heteronuclear bonds in a stoichiometric composition.45 Moving away from the stoichiometric
composition, a question arises as to the formation of homonuclear bonds due to effects of entropy. In past years a quite
considerable number of works considered this problem, i.e.,
the existence of local order in the material. Let us consider a
binary tetrahedrically bonded alloy A 12x B x formed by a
fraction ~12x! and x of A and B atoms, respectively. In a
completely random structure, the probabilities of finding
A-A, B-B, and A-B bonds are x 2, ~12x!2, and 2x(12x),
respectively. In a completely ordered alloy two cases are
considered. For x,0.5, the probability of finding A-B, B-B
and A-A bonds are 2x, 0 and ~122x!, respectively. For
x.0.5, the probability of finding A-B, B-B, A-A bonds are
2~12x!, 0, and 2x21, respectively. Finally, in the case of
phase separation, the probability of finding A-A and B-B
bonds are ~12x! and x, respectively. The structure to be
favored is that which minimizes the Gibbs mixing free
energy.44 In other words, DG'DU2TDS50, where U and
S are the formation energy and entropy, respectively. T indicates the substrate temperature, and we assumed that the
variation occurs at a constant pressure, i.e., the enthalpy
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variation is DH'DU. Of course, besides the substrate temperature, the presence of hydrogen is an important factor,
determining the chemical and structural ordering. Indeed, H
is thought to be the main cause for the poor reproducibility
of alloy properties.45
A variety of techniques have been used to analyze the
structure of the alloy. Electron spectroscopy, ~e.g., x-ray
photoemission, Auger, and energy-loss spectroscopies!
proved to be a powerful technique to identify the bonding
structure of the material. However, in order to obtain reliable
information the material must be deposited and analyzed in
situ. Indeed, a material produced ex situ is normally oxidized, and any attempt to determine the local bonding by that
technique requires an ion milling cleaning process. In addition, ion bombardment may produce stoichiometric changes
and local rearrangements of the species. Since many studies
found in the literature relied on this type of cleaning procedure, the results are not so general as expected and should be
revised. Raman scattering can help to identify the vibration
frequencies associated with Si—Si, Si—C, C—C, and CvC
bonds. Nevertheless, the photoluminescence backgrounds
generally existing in the spectrum, together with the inhomogeneous linewidth, make the analysis of the spectra a difficult task. Techniques such as EXAFS ~extended x-rayabsorption fine structure! and x-ray emission proved to be
valuable tools to quantify the relative number of Si—C
bonds. To the author’s knowledge, however, most of the reported data are restricted to compositions above 20–30 C
at. %.
Qualitative information about the local bonding structure
is also obtained from photoluminescence ~PL! experiments.
The PL emission displaying a double band was interpreted
by Engeman, Fisher, and Knecht46 as being due to inhomogeneities associated with Si and C rich agglomerates. Recently, Robertson47 suggested that the PL emission efficiency
of a-Si12x Cx :H can be explained by assuming the existence
of clusters containing sp 2 C hybrids. Experiments of nuclear
magnetic resonance ~NMR! by Petrich, Gleason, and
Reimen9 in PECVD a-Si12x Cx :H samples showed the existence of sp 2 hybrids in carbon atoms even at low carbon
concentration ~;10 C at. %!. In addition, this technique
gives information about the microstructure of the material.
Although Table I shows a diversity of results, there is
4426
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TABLE I. Debate about chemical order in a-Si12x Cx :H. The columns headed CO and CDO stand for chemical order and disorder,
respectively. The column headed ‘‘depends’’ means that the authors admit both possibilities. The symbol ‘‘1’’ means that the possibility
was inferred for the authors of this work. The following abbreviation have been used: SP, sputtering; GD, glow discharge; IR, infrared
spectroscopy; XPS, x-ray photoemission spectroscopy; PL, photoluminescence; EXAFS, extended x-ray-absorption fine structure; AES,
Auger electron spectroscopy; EELS, electron-energy-loss spectroscopy.
Deposition method

SP:Ar1Si1Graphite

Composition
0,x,0.4
0.6,x,1
x,0.6
0,x,1
x,0.5
0.5,x

Analysis method
IR, vis. spectrosc. XPS
IR, vis. spectrosc. XPS
XPS, H2 effusion
IR
XPS, H2 effusion
XPS, H2 effusion

CO

CDO
X1

Depends
X1

X
X
X
X
X1

Ref.
27
27
28
29
30
30

SP: Ar1SiH41Graphite1H2

0,x,1

XPS, IR

SP: Ar1Poly SiC pressed target

x>0.44

Raman spectroscopy

GD: SiH41CH4

0.39,x,0.62

Elect. diffraction, XPS

X

40, 22

GD: SiH41CH41H2

x50.26

Elect. diffraction, XPS

X

40, 22

GD: SiH41CH41H2

x50.39, 0.5

Elect. diffraction, XPS

GD: SiH41CH4

0,x,1
x,0.7
0,x,1
0.2,x,0.6
x50.32
x,0.20
x,0.20
x,0.5
0.5,X
x,0.25
x.0.5
x,0.5
0.5,x
0.2,x,0.8
x,0.2
0.2,x,0.7
0,x,0.6
x,0.47
0.47,x,0.62
x,0.5
x50.78
0,x,1
0.26,x,0.6
0,x,0.5
x50.7, 0.5
x50.25

PL
IR
IR
EXAFS
EELS, Elect. diffraction
NMR, IR
IR
EXAFS
EXAFS
Raman spectroscopy
Raman spectroscopy
IR
IR
IR
IR
IR
XPS
X-ray emission
X-ray emission
X-ray emission
X-Ray emission
X-Ray abs. spect.
EXAFS
visible spectroscopy
AES
AES

0,x,1

IR

0.35,x,0.55
x,0.35
x,0.5
x.0.5

XPS, AES
XPS, AES
XPS
XPS

0,X,1
X50.5
0,X,1
x50.5
0,X,1
0,X,1

Theory

GD: SiH41C2H4
GD: SiH41CH41H2

X

41

X

40, 22
X1

X

2
4
6
7
8
9
10
11
11
12
12
13
13
14
15
15
16
17
17
18
18
19
20
21
25
25

X

57

X1

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

48
48
49
49

X
X
X
X
X
X
X
X
X

31

76
23
77
78
43
44
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agreement among authors about the existence of chemical
order in near-stoichiometric materials. Also, there is a general agreement that in C-rich alloys there is a trend to form
CvC bonds, i.e., disorded structures are promoted. In general, the conflicting results are found in studies dealing with
Si-rich alloy, i.e., samples with x,0.2. It is evident that the
strong dependence of the material structure and properties on
the fabrication method conspire against a definitive answer
to the question of the chemical bonding in a-Si12x Cx :H
Therefore, in order to obtain valuable information, it is mandatory to minimize the influence of the fabrication parameters on the experimental results. A further complication is
the incorporation of hydrogen. As in amorphous silicon, hydrogen plays a key role in improving the quality of the alloy
by decreasing both density of defects and topological
disorder.29,48–49,50 Usually, due to the easiness of handling
and deposition, most of these studies use hydrocarbon gases
as carbon supply. Consequently there is a poor control of the
incorporated hydrogen in the alloy. The hydrogen incorporated in samples deposited from hydrocarbon gases produces
a complicated network structure as shown by the ir spectra.51
Indeed, the spectra show the overlapping of several bands
associated to C-Si, CHn , and SiHn , n51, 2, and 3, vibration
modes, preventing a clear identification of their individual
contributions. This fact is a set back in the quantification of
the number of Si—C bonds. The problem is partially overcome by using cosputtering of carbon and silicon targets, and
also controlling the amount of hydrogen within the preparation chamber. We shall see below that the ir spectra of sputtered material are relatively easy to analyze.
In this work we address the question of preferential formation of homonuclear ~chemical disorder! or heteronuclear
~chemical order! bonds and its influence on the structural and
optical properties of the silicon-carbon alloy. The material
was prepared by SP using a gaseous mixture of argon and
hydrogen. The structure was analyzed by ir spectroscopy.
Photothermal deflection spectroscopy ~PDS! ~Ref. 52! is
used to study the influence of carbon content on Urbach
energy, i.e., the slope of the exponential part of the absorption coefficient, and the density of defects within the
pseudogap. Using visible transmission spectroscopy, we
studied the influence of carbon on the optical gap of the
alloy.
II. EXPERIMENTAL PROCEDURE

Hydrogenated amorphous silicon carbon ~a-Si12x Cx :H!
films were deposited by rf cosputtering from a crystalline
silicon target with a suitable amount of graphite on the top.
The carbon concentration was varied by changing only the
ratio between the areas of both materials. The main deposition parameters were as follows: substrate temperature
300 °C, background pressure 1026 mbar, hydrogen flux 2
sccm, and target self-bias 1000 V. These conditions produce
‘‘good-quality’’ a-Si:H ~Ref. 53! ~density of defects ;1016
cm23!. The deposition time was around 4 h, resulting in
;1-mm film thickness. Before each deposition, a presputtering cleaning procedure of approximately 30 min was made
on the targets. A Perkin-Elmer Fourier transform ir spectrometer in the 400–4000-cm21 range was used to study the
vibration spectra. Visible transmission spectroscopy was per-
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FIG. 1. Infrared-absorption spectra vs wavelength of some of
the studied samples. The vibration modes are indicated by s
~stretching! and w ~wagging!. Regions R1, R2, and R3 are for the
purposes of discussion.

formed with a l 9 Perkin-Elmer spectrometer. The optical
constants and thickness were determined from the visible
and infrared spectra using the Swanepoel54 treatment. The
subgap region of the absorption coefficient was determined
by PDS.52 The carbon concentration was measured by Rutherford backscattering spectroscopy ~RBS!.55 Effusion experiments were used to determine the total hydrogen concentration in the films.56
III. RESULTS

The infrared spectra of the sample were analyzed following the standard identification of the absorption bands found
in the literature.4,6 The preference of chemical bonding is
inferred from the evolution of the Si—C and Si—H vibration
bands as a function of the carbon concentration. The results
obtained from the visible optical spectra were used as
complementary information to support the conclusions of ir
spectroscopy.
A. Infrared spectroscopy

Figure 1, shows the ir spectra of some of the studied
samples. In order to simplify the discussion we found it convenient to divide the ir spectra into three regions of interest,
corresponding to wave numbers between 500 and 1200 cm21
~region R1!, 1900 and 2300 cm21 ~region R2!, and 2750 and
3000 cm21 ~region R3!.
The features associated with CHn , n52 and 3
~1300–1600-cm21 range! complexes57,58 are not visible in
the ir spectra for the whole range of studied carbon content.
Indeed, due to the partial cracking of the starting gases, the
CH3 and CH2 complexes are generally found in samples deposited from mixtures containing hydrocarbon.5,10,25,51,57–59
On the other hand, the cosputtering deposition technique
uses graphite as the source of carbon atoms, making the formation of those types of complexes less probable. As we
shall see below, hydrogen effusion experiments show that
much less H is incorporated in sputtered material ~roughly a
factor 2! than in PECVD material. Moreover, the total
amount of hydrocarbons like CH4 , C2H4 , and C3H6 , effused
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from the samples is approximately 100 times smaller in sputtered material than in PECVD material, consistent with the
absence of features at the 1300–1600-cm21 region of the ir
spectra. Therefore, from the experimental data we conclude
that H bonded to C mainly forms C—H bonds, i.e., just one
H attached to carbon ~region R3, Fig. 1!. The modes associated to the C—H bond are the stretching and wagging ones,
located at ;2700 and ;1000 cm21, respectively.
Due to the presence of CHn complexes in PECVD material it is somewhat controversial the assignment of the band
located at 780 cm21 to Si—C bonds. Conversely, in sputtered material with and without hydrogen, the 780-cm21
band is identified as due exclusively to Si—C bonds.31
We note that the absorption band in region 1 is the sum of
four contributions:58,60,61 ~1! C—H wagging (w) ~;1000
cm21!; ~2! SiH2 bending (b) ~;900 cm21!; ~3! Si—C
stretching (s) ~;780 cm21!; and ~4! Si—Hn , n51,2,3 wagging (w) ~;640 cm21! modes, respectively.
Region 2 corresponds to the well-established stretching
modes of Si—Hn ~n51, 2, and 3! complexes60 ~2000–2100
cm21!. Furthermore, the 2000-cm21 band is associated with
Si—H (s), while the 2100 cm21 is associated with Si—H2
and Si—H (s) vibrations located on internal surfaces
~voids!.56
Now, we proceed to describe the method used for the
determination of the relative number of Si—C bonds as a
function of C content. As remarked above, the absorption
band in region R1 ~Fig. 1! is due to four contributions with
quite well-identified positions. These are associated with
C—H (w), SiH2 (b), Si—C (s), and Si—Hn (w), n51, 2,
and 3 modes, and the area below each band is proportional to
the number of the corresponding oscillators. The individual
contributions to the total band are obtained by fitting four
Gaussians centered at 780, 640, 900, and 1000 cm21, respectively. We note that in the fitting processes only the positions
of the Gaussians were fixed. To confirm the reliability of this
deconvolution we applied a second procedure involving the
integration of the stretching SiHn modes. The details of this
method are given in the Appendix. Figure 2 shows the normalized area of the absorption bands associated to Si—C
bonds as a function of C content. The open circles correspond to the straightforward deconvolution process and the
method is reliable for spectra with quite well-resolved bands.
The open triangles correspond to the second method and it
assumes that the total number of Si—H (w) oscillators is
proportional to the total number of Si—H (s) oscillators ~see
the Appendix!.
Figure 3~a! shows the H atoms bonded to Si as a function
of carbon concentration, as determined by integration of the
Si—Hn (s) modes ~see the Appendix!. The concentration of
H bonded to C was determined by integration of the band
associated to the stretching mode of C—H (s) bond ~region
R3, Fig. 1!. To convert from the oscillator strength to atomic
concentration, we used the value ;1.731021 cm22 for the
proportionality factor @Fig. 3~b!#.62 As we do not know the
density of the films, we have used an averaged value between densities of C and Si. It should be pointed out that the
absolute value of the H concentration shown in Fig. 3 must
be cautiously considered because of the uncertainty involved
in the experimental determination of the proportionality factor and density of the material. However, experiments of H
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FIG. 2. Integrated area of the Si-C band ~arbitrary units! vs the
compositional parameter, x5@C#/~@C#1@Si#!. Open circles: direct
deconvolution of absorption bands from Fig. 1. Open triangles: indirect method involving the Si-H (s) band. The experimental data
were fitted assuming chemical ordering for the near-stoichiometric
material ~x'0.57!. The full lines are guides for the eyes. The
dashed-dotted and dashed lines are theoretical curves corresponding
to chemical ordering and random bonding structures, respectively.

effusion support these estimations. Figure 3~c!, open triangles, shows the total H concentration obtained by effusion
experiments as a function of the composition parameter x.
The open squares were obtained by summing the values indicated in Figs. 3~a! and 3~b!. Therefore, the good agreement
of both results suggests that the fraction of Si—H and C—H
bonds are well estimated.

FIG. 3. ~a! H at. % bonded to Si ~from ir results! vs the compositional parameter x. ~b! H at. % bonded to C ~from ir results! vs the
compositional parameter x. ~c! Empty squares: total amount of H
obtained by summing values from ~a! and ~b!. Empty triangles: total
amount of H obtained by effusion experiments. Filled triangles:
total amount of hydrocarbons effused from sputtered samples. For
comparison purposes we plotted the total amount of H effused from
PECVD samples ~crosses, Ref. 56!. The dashed lines are guides for
the eyes.
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FIG. 5. Relationship between the areas of the stretching modes
of the SiHn bonds vs the compositional parameter x.

ditional complications arise due to the possibilities of both Si
and C dangling bonds. In addition, we remark that the calibration procedure assumes that the Urbach tail is sufficiently
steeped. Indeed, in alloys having larger Urbach energy, the
procedure gives rise to misleading results since they over
estimate the density of states under the Urbach energy @Fig.
4~b!, inset#. In order to avoid these ambiguities, we shall
compare the absorption coefficient a for different samples
evaluated at a photon energy equal to half of the energy gap,
i.e., a (Eg/2). This magnitude is related to the density of
defects and allows a comparison of the evolution of the alloy
as a function of carbon content. Figure 4~c! represents this
magnitude as a function of x.
IV. DISCUSSION
FIG. 4. ~a! Optical gap ~Tauc! vs the compositional parameter
x5@C#/~@C#1@Si#!, ~b! Urbach energy vs the compositional parameter x. The dashed lines are guides for the eyes. Inset: Typical
subgap absorption spectrum. ~c! Absorption coefficient at the midgap value a ~E g /2! vs compositional parameter x. The dashed lines
are guides for the eyes.
B. Visible spectroscopy

The optical gap and the Urbach energy as a function of x
are shown in Figs. 4~a! and 4~b!, respectively. Following the
procedure of Tauc ~see, for instance, Mott and Davis63!, the
optical gap was obtained from the extrapolation to zero absorption of the quantity (h n a ) 1/2 versus h n . Here h n is the
photon energy, and a is the absorption coefficient. The Urbach energy is defined as the slope of the exponential part of
the absorption coefficient @Fig. 4~b!, inset#.
In amorphous semiconductors, the area under the subgap
absorption coefficient is proportional to the total density of
defects of the material. Usually, this area is defined by subtracting from the total area under the absorption coefficient,
the area under the extrapolated Urbach edge ~tail! @Fig. 4~b!,
inset#. In hydrogenated amorphous silicon the absolute density of defects is obtained by electron-spin resonance, which
measures the total concentration of neutral Si dangling
bonds. Assuming that the dangling bond is the only possible
defect, the area under the subgap absorption curve can be
calibrated in density of defects.40 In a-Si12x Cx :H alloys, ad-

We begin the discussion analyzing the behavior of the
relative number of Si—C bonds as a function of x. Two
important features are noted in Fig. 2: ~1! up to x;20 C
at. %, the concentration of Si—C bonds is small and fairly
constant; ~2! above x;20 C at. %, this concentration increases abruptly. This observation suggest that up to x;20 C
at. % carbon atoms tend to form homonuclear bonds ~chemical disorder!. Above x;20 C at. %, however, carbon atoms
tend to form heteronuclear bonds, an indication of a tendency towards chemical order in the alloy.
There are other effects produced by the inclusion of C.
Indeed, increasing the concentration of Si—C bonds induces
the formation of higher-order hydrides associated to
hydrogen bonded to internal surfaces ~voids!.56 This can
be concluded by studying the behavior of the ratio
R5(A 2100)/(A 20001A 2100) as a function of C content ~Fig.
5!. Here A 2100 and A 2000 stand for the integrated areas of the
absorption bands associated with 2100- and 2000-cm21 Si-H
(s) vibration modes, respectively. Therefore, the step observed in Fig. 5 is probably due to an increasing density of
voids. The behavior of the concentration of H atoms bonded
to Si with increasing x also supports these arguments. Figure
3~a! shows a step of the concentration of H atoms bonded to
Si as a function of the C concentration. This plot indicates
that the step in R is also accompanied by an increasing H
concentration, a characteristic feature of a less compact
material.56
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Figure 4~a! shows that the Tauc’s optical gap as a function of the carbon content is approximately constant up to
x'0.2. This constancy of the optical gap is consistent with
homonuclear bonds, probably graphitelike bonds. Quite different is the behavior of the alloy for x.0.2 where the optical gap increases abruptly. As suggested from Fig. 3~a!, this
behavior could be partially due to excess H attached to Si.
However, above x'0.2 the H contents stabilize at ;20–25
at. % whereas the optical gap increases. A comparison with
PECVD material helps support on premise that the increasing optical gap is not mainly due to H. In this material, H is
easily incorporated and, even at H concentration as high as
;30 at. %, the optical gap of a-Si12x Cx :H does not exceed
;2.25 eV.64
The concentration of H attached to C behaves differently.
Figure 3~b! shows that up to x;0.2 this concentration is low
and fairly constant, increasing monotonically for larger x
values. Therefore, part of the increasing optical gap could be
due to the increasing number of H atoms attached to C. As in
the case of H bonded to Si, high concentrations of H alone
cannot account for the measured large gaps. In fact, in
PECVD material, concentrations of H bonded to C as high as
35–40 % produce a-Si12x Cx :H with optical gaps not larger
than ;2.6 eV.65
There are also more fundamental physical reasons supporting these assumptions. The character of the top of the
valence band in silicon-rich alloys is given by Si p orbitals.66
In a-Si a maximum recession of the top of valence band
upon hydrogenation is ;0.7 eV. Therefore, the large gap
obtained in our samples cannot be explained only by the
substitution of Si—Si bonds by Si—H bonds. Moreover, Fig.
3~a! shows that H attached to Si is approximately constant
above x;0.2, while the optical gap monotonically augment
as a function of C content. In carbon-rich alloys, photoemission experiments show that there are no induced states at the
top of the valence band due to C—H bonds.67–69 These results are corroborated by experiments of total hydrogen effusion by Fang and Ley.66 These authors found no changes
in the top of the valence band in carbon-rich samples after
effusion of all the hydrogen contained in the material.
From this discussion, we conclude that the main cause of
the increasing optical gaps is the increasing number of the
strong Si—C bonds. We remark that some previous works
report this behavior for the optical gap of PECVD- and SPdeposited materials.9,21,27,65 However, most of these studies
reported materials where the gap increases monotonically on
carbon content for 0,x,0.6.70
For comparison purposes, in Fig. 3~c! ~crosses! we plotted
the total amount of H evolving from PECVD samples reported by Robertson43 and Beyer.56 This plot clearly shows
that, for the same amount of carbon, much less H is incorporated into the sputtered material. The filled triangles in
Fig. 3~c! correspond to the sum of the effused species like
CH4 , C2H4 , and C3H6 . We note that in PECVD material the
amount of those species is approximately 100 times
greater.56 Indeed, as remarked above, PECVD material is
deposited from gases like CH4 , and much more H is incorporated as polymeric fragments.
Now we proceed to analyze the evolution of Urbach energy as a function of carbon content @Fig. 4~b!#. The increasing value of Urbach energy has been associated with

4431

potential fluctuations from either the C potential or the formation of a polymeric phase.16,43,71 According to De Seta
et al., at low carbon concentration the inclusion of C in the
network causes strong fluctuations at the top of the valence
band, increasing the disorder.72 Indeed, the large difference
of Si—C and Si—Si bond lengths causes a local stress inducing potential fluctuations. The polymeric phase is a consequence of the large amount of H incorporated into the alloy. As discussed above, however, our studied alloy does not
present the polymeric phases, i.e., CH3 complexes are absent
along the whole range of the x value analyzed. Furthermore,
only above x'0.2, is H substantially attached to carbon,
forming C—H bonds @Fig. 3~b!#. Therefore, up to x;0.2, the
invariance of the Urbach tail is consistent with the absence of
both Si—C bonds and a polymeric phase. On the other hand,
the substantial increase of the Urbach energy above x'0.2
could be attributed to increasing Si—C, i.e., local potential
fluctuations associated with C incorporated in the network.
Figure 4~c! shows that for x.0.2, a ~Eg/2! increases as a
function of x, indicating that the density of defects is increasing. This behavior is consistent with the weak-bond-to-defect
conversion model of Stutzman.73 This model assumes that
the tail states are due to weak bonds and some of them can
convert to dangling bonds. Therefore, materials with larger
Urbach energy will have a greater tendency to convert weak
bonds to defects. As shown in Fig. 4~b!, the Urbach tail of
the studied alloy increases substantially above x;0.2, and so
does the density of defects @Fig. 4~c!#, as proposed by the
model.
To summarize, we conclude that for relatively low C content ~x,0.2! the alloy is chemically disordered, i.e., homonuclear bonds are preferentially formed. At higher C concentration ~0.2,x,0.6! the alloy is more chemically ordered,
i.e., Si—C heteronuclear bonds are preferentially formed. It
is interesting that direct measures of the Si—C bonds in
material deposited by PECVD show comparable results. For
instance, EXAFS experiments by Pascarelli et al.7 in plasmadeposited a-Si12x Cx :H show a noticeable increase in the
number of Si—C bonds above x'0.25–0.3. Similar conclusions were obtained by Robertson43 using the Si x-ray emission spectra obtained by Weich et al.18 in PECVD material.
In this type of material, only above x'0.35 does the concentration of Si—C bonding begin to increase, reaching a maximum at x'0.5.48
These are surprising conclusions. Indeed, one can expect
that, at low x, the formation of C—C bonds is improbable.
Moreover, as heteronuclear bonds are more stable than
homonuclear bonds,43 Si—C bonds are more likely to form
than C graphitelike bonds. It is possible, also, to imagine that
the invariance of the Si—C bond concentration for x,0.2
stems from the fabrication method ~Fig. 2!. Indeed, an explanation of the existence of C—C bonds could be the incorporation of graphitelike species extracted from the target during
the sputtering process. However, the abrupt increasing observed above x'0.25 indicates that basic properties related
to local equilibrium during the fabrication process probably
determine the final structure of the material. Therefore, we
should mention some qualitative points to keep in mind
when attempting to explain the experimental results.
First of all, we note that there are two dominant processes: chemical ordering, which favors the formation of het-
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eronuclear bonds, and chemical disordering, which corresponds to the formation of both homonuclear and
heteronuclear bonds. Near stoichiometry, chemical ordering
dominates because the rigidity of bonds,45 and also, because
heteronuclear bonds are more stable than homonuclear
bonds.43,44 For a low carbon concentration, entropy effects
could dominate, suggesting the possibility of homonuclear
bond formation. Finally, it is interesting to remark that the
observed extremely low solubility of C in Si is consistent
with this suggestion. Indeed, even at the melting point of Si,
the solubility of C is about 1026 at. %.74
A last comment about hydrogen incorporation. It is worth
noting that strict energetic arguments are not sufficient to
explain the present experimental findings. Indeed, although
the C—H bond is stronger than the Si—H bond,44 H seems
to attach preferentially to Si up to up to x'0.2. Only when
the concentration x'0.2 is reached do the C—H bonds increase considerably @Fig. 3~b!#. This result suggests that entropy effects are important in determining the chemical
bonding and should be considered. For purposes of comparison, we note that the evolution of the absorption band associated to C—H bonds has the same behavior as for the case
of the alloy deposited from hydrocarbons by PECVD.6
Therefore, we suggest that this is an intrinsic property of the
alloy rather that a consequence of the fabrication method.
Now we shall compare the experimental findings with
theoretical models discussed in Sec. I. Figure 2 shows the
experimental integrated area ~arbitrary units! of the Si-C
bond as a function of the carbon concentration. This area is
proportional to the total number of Si—C bonds. The experimental data were fitted assuming chemical ordering for the
near stoichiometric material, i.e., the Si—C bond fraction is
assumed equal to one for the x50.57 sample. Indeed, for
hydrogenated material, chemical ordering is expected at
x'0.6.43 As observed in Fig. 2, the random tetrahedrically
structure model ~dashed line! does not reproduce at all the
experimental dependence of the Si—C bond fraction against
carbon concentration. Conversely, above x;0.2 there is a
reasonably agreement with the chemically ordered bonding
model ~dashed-dotted line!. Therefore, these results suggest
that for x.0.2 as well, forming the ordered network minimize the Gibbs energy, favoring the development of heteronuclear bonds. For 0,x,0.2, the small absolute value of the
integrated area of Si—C band ~Fig. 1! and its invariance on
carbon content ~Fig. 2!, raise the possibility of phase separation. Indeed, as noted in Sec. I Robertson suggested the existence of s p 2 hybrids due to C clusters in the material.47
We close this section with a comment about the conflicting literature results compiled in Table I. The contradictory
opinions about the existence or not of chemical order suggests that the preparation method is of primordial importance
in the determination of local atomic arrangements. In particular, hydrogen is expected to play an essential role in this
context. Furthermore, for alloys prepared from hydrocarbon
gases, the different plasma conditions produce a diversity of
hydrogenated carbon fragments, strongly determining the C
coordination in the alloy. Therefore, more work on the alloy
deposited by sputtering varying the amount of hydrogen can
help to understand the intrinsic problem of the local coordination.
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V. CONCLUSIONS

The relative number of Si—C, Si—H, and C—H bonds as
a function of carbon concentration of sputtered a-Si12x Cx H
was inferred from infrared spectroscopy. The evolution of
the optical gap, the Urbach energy, and the absorption coefficient at the midgap as a function of carbon concentration
was determined by visible spectroscopy. Up to x'0.2, the
relative number of Si—C bonds, the optical gap, the midgap
absorption coefficient, and the Urbach energy are approximately constant. Above x'0.2 there is an increasing number
of Si—C bonds leading to an increase of the optical gap, the
midgap absorption coefficient, and the Urbach energy. For
low carbon concentration, hydrogen is mainly attached to Si.
Above x'0.2 there is an increasing number of H atoms
bonded to both, C and Si atoms.
The following are the main conclusions accomplished
from this work.
~1! For 0,x,0.2, the alloy is found to be chemically
disordered; i.e., homonuclear bonds are preferentially
formed.
~2! For 0.2,x,0.6 there is a trend to increasing order,
i.e., heteronuclear bonds are preferentially formed. In this
range of x, the relative number of Si—C bonds is consistent
with a theoretical model which assume a completely ordered
structure.
At near-stoichiometry composition, the formation of a
chemically ordered structure is energetically more favorable
that a randomly structure. At low C concentration, the opposite is probably true.
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APPENDIX

In this appendix we shall describe a procedure used to
estimate the relative Si—C bond concentrations. This is an
alternative method to the straightforward mathematical deconvolution of the absorption bands.
Figure 1 shows that up to x'0.24 the total absorption in
region R1 has two clearly resolved contributions, namely ~a!
the absorption due to SiHn (w) ~;640 cm21! plus Si—C (s)
~;780 cm21! modes, and ~b! the absorption due to C—H
(w) ~;1000 cm21! plus SiH2 (b) ~;900 cm21! modes.
Therefore, in order to obtain the contribution to ~a! due to
Si—C bonds, it is necessary to evaluate the SiHn (w) contribution to this band.
In order to do this task we note that Langford et al.75
showed that the total hydrogen concentration N H , can be
determined by integrating either the Si—H (s) ~;2000
cm21! or the Si—H (w) ~;640 cm21! absorption bands.
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These authors studied a large number of experimental data,
and found quite a good correlation between the total number
of oscillators obtained from the integration of any of these
bands. In that case, the total hydrogen concentration is
N H5K 640I 6405K 2000I 20001K 2100I 2100 ,

~A1!

where the K’s and I’s indicate proportionality factors and the
integrated areas under the corresponding absorption bands,
respectively. From Eq. ~A1!, I 640 is easily obtained provided
that the K factors are known. Therefore, the contribution of
the Si—C bonds to the 780-cm21 absorption band is estimated by subtracting I 640 from the total area under this recm22,
gion.
The
constants
K 20005~961!31019
20
22
K 21005~2.260.2!310 cm , and K 6405~2.160.2!31019
cm22 used in the calculation are from Langford et al.75
Now, we proceed to determine the Si—C bond density in
samples with x.0.24. Above this value of C concentration,
the bands corresponding to contributions ~a! and ~b! are not
resolved. Then we proceed by two steps. First, we separate
the contributions due to ~a! and ~b! by fitting two Gaussians.
The Gaussians are located at ;640–780 and at ;900–1000
cm21. Next, we obtain the Si—C bond concentration repeating the procedure used for x,0.2.
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