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We present a study of the structure of a-S1,_, C, :H alloys by wide-angle x-ray scattering. By carefully
analyzing the radial distribution functions and comparing with previous extended x-ray-absorption fine-
structure measurements, we provide a detailed and quantitative description of local bonding around Si
and C atoms. Among the results presented, most noteworthy are constant interatomic distances in first
and second shells and the detection of a strong tendency for chemical order.

I. INTRODUCTION

The coexistence of topological and compositional dis-
order makes amorphous alloys very interesting from a
fundamental point of view. Moreover, technological in-
terest stems from the possibility of continuously changing
sample characteristics and properties by varying the rela-
tive composition of constituent atoms. In a-S1,_,C, :H
alloys the peculiarity of C atoms of having twofold, three-
fold, and fourfold coordination adds a degree of freedom
to the local structural arrangement that is absent in other
amorphous semiconductor alloys and makes it of particu-
lar interest and complexity. The complete exploitation of
its promising technological properties is related to a full
structural characterization. In fact many experimental
and theoretical' "?® studies have been performed to
characterize a-Si;_,C,:H. Although the literature is

sometimes contradictory, the following general picture
¢merges. a-Si;._,C, :H 1s a microscopically heterogene-
ous material in which four different phases can be
present: a-Si,_, C, :H regions of predominant tetrahedral
local structure, graphitic carbon (a Si-free microphase in
which C is sp? hybridized), polymeric carbon (a Si-free
microphase in which C makes polymeric chains of the
type C,H,, .. ), and voids."” The relative amount of
€ach phase is very sensitive to the growth conditions.
Notwithstanding its apparent oversimplification, it will
be seen in the following that this “four-phase model” is
€Xtremely useful in the discussion of structural data.
Local structural determination in an amorphous binary
alloy implies the measurement of (ideally all) bond
1""ngths,. bond angles, their mean-square fluctuation, the
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determination of the atomic identity of neighbors, and
the measurements of the variation of these quantities
with relative atomic concentration. As for the bond
lengths, the questions to be addressed are whether there
are variations in bond lengths and angles with respect to
the crystalline case, the value of static disorder, and the
possible variation of the quantities in a given sample
series. In the case of a-Si;_, C,:H the particular type of
bonding of C evidently adds a degree of freedom because
of the presence of sp’ and graphitic C configurations. We
note that in Ge- and Si-based amorphous alloys average
bond lengths have been determined to be equal to the
value found in the corresponding crystal and not to vary
appreciably with composition.>®?° 732 This situation
must be compared with the situation in crystalline alloys,
for example, pseudobinary alloys of the type
In,_,Ga,As.”>>* In these compounds it has been found
that individual bond lengths tend to remain close to the
value found in the pure binary end member, with only a
weak variation with composition.>>>®* The complete ab-
sence of this variation with composition in amorphous al-
loys seems to be a peculiarity of the amorphous state; 1t
has been suggested recently that hydrogenation might
contribute to this effect. >’

The exact definition of the local atomic environment of
the constituent elements (i.e., the chemical ordering of
the alloy) is still an important question in both the experi-
mental and theoretical literature. In priaciple, the rela-
tive disposition of the atoms on the network sites can
vary between two very different situations: complete
chemical order (CO), in which the elements are organized
on network sites to maximize the number of heteronu-
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clear bonds, and complete random order (RQO), where all
bonds have the same probability. It has been found? that
CO 1s observed in covalent alloys in which the constitu-
ent atoms have a significant electronegativity difference
(e.g., a-Si,_, N :H and a-Ge,_ N, :H) while RO is found
when the electronegativity difference 1s small (e.g., a-
Ge,_,S1,:H and a-Ge,_ ,Sn, ). This is related to the rela-
tive strength of the like and unlike bonds. The results of
various structural studies on a-Si,_, C, :H have proposed
different kinds of chemical order ranging from RO (Refs.
20 and 21) to near complete CO.%®3%11,13—13

Because of the particular structural features of a-
S1,_C,:H it ts useful to comment on the determination
of the type of chemical order present. In fact in an i1deal
continuous random network the presence and magnitude
of homonuclear bonds for the minority atom is enough to
distinguish between CO and RO. For a-S1,_, C. :H alloys
the problem 1s more complex due to the special role
played by C atoms, which can have different bonding
configurations. Experimental data obtained with different
spectroscopies™ #1721 revealed that C-C bonds can be
present also in Si-rich samples; this could be taken to 1m-
ply the presence of RO. Nevertheless, an important ex-
perimental result i1s that the corresponding Si-Si
homonuclear bonds are apparently absent in C-rich al-
loys, ®%17 which is clearly in contrast to the RO model
and suggests a more complex picture in which C-C bonds
are not homogeneously dispersed in the sample, but a
separate Si-free microphase exists. In particular Petrich,
Gleason, and Reimer'* have suggested that higher hydro-
carbons produced in the plasma phase could be incor-
porated in the samples during growth producing the ob-
served C-C bonds in a polymer and/or graphite phase.
Moreover, sincg the third-shell interatqnmic distance,
which 1s 4.12 A in diamond and 4.26 A in graphite,
matches the 51-S1 second-shell distance of 3.85 A better
than that of C-C, which is about 2.5 A, C clusters are apt
to replace Si-Si bonds. '+ 18

Hydrogen inclusion plays a central role in the deter-
mination of the sample characteristics. Many studies
have shown that it enhances heterocoordination,’ it
reduces stress and strain,'"!*!® and promotes sp* over
sp® C configurations.'® Infrared!® and NMR (Ref. 14)
studies have shown that H is bonded preferably to sp* C
in the CH,, configuration with n =2,3, whereas sp* C is
non-hydrogenated and Si is at most monohydrogenated.
This fact reduces the number of St and C atoms which
can be bonded to C. An important effect comes from the
fact that the effective valence of C (defined for each atom-
ic species as the difference between the total number of
nearest neighbors and the number of H nearest neigh-
bors) 1s less than that of Si: the stoichiometric concentra-
tion is shifted'? at x > 0.5.

Of great importance in structural studies is the com-
parison of experimental results with theoretical simula-
tions. A complication in theoretical studies of a-
S1,_,C,:H is the treatment of C bonds and phase separa-
tion effects. In fact the theoretical models proposed show
dissimilarities. A continuous random network model?’
reproduces well the experimental bond distances, shows
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both sp? and sp> hybridizations on C sites, and presents a
high degree of CO. On the other hand, the application of
ab initio molecular-dynamics calculations on a-SiC pro-
duces a very disordered structure with a high degree of
RO. The thermodynamical approach, represented by the
free-energy model, 22254 predicts a considerable amount
of CO depending on H inclusion and on deposition tem-
perature.

In order to gain further insight into these problems we
have performed wide-angle x-ray-scattering (XRS) mea-
surements of five samples of a-S1,_, C,:H, with x between
0.0 and 0.9. XRS yields the total radial distribution func-
tion (RDF) and thus yields a complete picture of local
bonding, provided a careful analysis i1s performed in par-
ticular with regard to overlapping peaks. To this end a
rigorous method*!' was applied to obtain quantitative
structural information up to the second shell. The pre-
liminary results have already been presented 1n a previous
paper.’ We also compare the present results with extend-
ed x-ray absorption fine-structure (EXAFS) ones® ob-
tained by our group on samples grown i1n the same
plasma-enhanced chemical-vapor deposttion apparatus.
EXAFS probes the local structure around St and in the
case of a-S1,_ C :H the data showed a strong tendency
for chemical order and that Si1-S1 and Si1-C nearest-
neighbor distances were constant with composition. In
the framework of the four-phase model EXAFKS probes
the structure around Si in the alloys phase while XRS
probes the total RDF. We believe that the complementa-
ry nature of the two techniques has allowed us to gain a
very detailed picture of the local structure.

II. SAMPLE PREPARATION, EXPERIMENTAL
APPARATUS, AND DATA HANDLING

The a-S1,_ C,:H samples were prepared by plasma-
enhanced chemical-vapor deposition using a SiH, and
CH, mixture at a substrate temperature of 110°C. The
total radio frequency power was between 15 and 20 W
and the gas pressure was approximately 0.4 Torr. As the
deposition rate of a-Si;_,C,:H decreases rapidly'® with
x, a substrate temperature lower than the standard was
used. This permitted a sufficient quantity of material to
be deposited, in particular for sample 5, for both XRS
and concentration measurements with reasonable sample
deposition times. The main sample characteristics are
summarized in Table I.

For XRS measurements the samples were housed in
holders in which the samples were contained between two
Mylar windows in order to reduce absorption and scatter-
ing effects. XRS was performed using a diffractometer
composed of a conventional Mo x-ray tube, a 6-20
goniometer, and a Nal(T]) detector. A quartz monochro-
mator in the Johansson geometry was placed on the in-
cident beam to remove the continuous spectrum and the
K 4 emission and to focus the beam. A voltage of 55 kV
and a current of 40 mA were used to maximize the
characteristic emission with respect to the bremsstrah-
lung background.*** The symmetrical transmission
geometry was used, as it is the best for small and weakly
absorbing samples.*»** The x-ray source and receiving
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TABLE 1. Carbon concentrations and bulk density of sam-
ples studied.

Bulk
density
Sample n X (g/cm’)
1 0.00 2.10
2 0.21 1.90
3 0.35 1.85
4 0.76 1.80
5 0.90 1.60

slits were placed on the Rowland circle of the crystal
monochromator to realize the focusing geometry. Soller
slit collimators were located between source and mono-
chromator and between sample and receiving slits of the
detector to reduce the axial beam divergence. For each
sample data of different runs were averaged to minimize
systematic errors. The acquisition time for each sample
varied from 12 h for a-Si:H to 48 h for sample 5.

The sample concentration was measured by secondary
neutral mass spectrometry (SNMS). A Leybold INA3 in-
strument was used®” with an argon plasma as postionizer
and a source of 1ons to sputter the samples. The negative
voltage applied to the samples for sputtering was 1.2 keV
and the primary current density was about 1-2 mA
cm 2. No charging problem occurred during the
analysis even if SiC was known to be an insulating ma-
terial. A stoichiometric SiC sample was used to obtain
the relative sensitivity factor of C to Si at the analysis
conditions used. Data quantification was performed us-
ing the INA3 data analysis program.

To extract the total structure factor (TSF) i(q) from

the experimental data we applied standard tech-
niques, **** which involve the removal of the parasitic
scattering, the correction for absorption and polarization
effects, the normalization to electron units, and the sub-
traction of the coherent independent scattering. The
parasitic scattering includes the scattering of air and sam-
ple holder, the fluorescence contribution, and Compton
and secondary scattering. The air and sample holder
scattering was measured directly and subtracted, taking
into account the effects of sample absorption. The
Compton scattering was calculated using the theoretical
values from Macgillavry and Rieck, *® taking into account
the Breit-Dirac recoil factor. Because of integration
effects, secondary scattering, though partly coherent,
does not contain any information about the structure.
We have calculated the secondary scattering contribution
according to Dwiggins.*’ It is greatest for the weakly ab-
sorbing (C-rich) samples, but it is always less than 5%.
Moreover, as it is almost independent from g, in a first
approximation it can be considered constant. The
fluorescence contribution is incoherent and independent
from g. Thus both the secondary scattering and the
fluorescence were subtracted off as a constant value in the
normalization procedure.** In order to transform the
data from arbitrary units to e.u. we have used both the
Krogh-Moe*® and Norman*® methods, yielding identical
results.
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Due to the width of the transmitted Peak experimental
data started from 6=3° (g =0.94 A~!). We notice that
experimental data exhibit a small- angle scattering tail
which increases with x. This phenomenon can be related
to an increasing microvoid density'’ and dishomogenei-
ty.8 The expenmental data were extrapolated linearly
from O to 1.2 A~! to reduce termination effects on the
small-g side and to remove this small-angle scattering
contribution. The bulk density was calculated by requir-
ing that the total pair correlation functions (PCF’s) were
zero for distances less than the first real atomic distance
in the sample.

III. DATA ANALYSIS

The experimental RDF is calculated from the TSF i (g)
using

J =47rip(r)

exp(r)
— ) 2r «© .
41r Po"_"‘“‘ﬂ fo qi(qg)M (q)sin(gr)dq , (1)

with p, the mean atomic number density of the sample
and M (q) a modification function that essentially in-
volves a Gaussian window, to reduce termination effects
arising from finite range of experimental data, and a
corrective term to compensate low-frequency oscillations
in i (g). We have used

0 _a2q2
M(qg)= (2)
fe
with
Exffi(q)
fe Ex,-f,-(()) ( )

the mean scattering factor per electron and x; the con-
centration of the ith atomic species.

To extract structural information Eq. (1) is usually
compared with a theoretical RDF J,; . (r), in which posi-
tion, width, and area of the peaks for each pair in each
coordination shell are free parameters. Since an elementa-
ry fitting of the RDF with Gaussian contributions can be
misleading in the presence of overlapping peaks and the
Gaussian approximation itself is incorrect,*' we prefer to
follow the more rigorous method described in Warren’s
textbook.*! Although this method is very expensive in
terms of computer time, it is better suited to perform a
detailed deconvolution of the total RDF.

Following Warren’s method we can obtain a theoreti-
cal expression for the RDF in terms of N;,, ij» Tijy and o,
which are, respectively, the number of j-type neighbors,

distance, and standard deviation of distance for the ij
pair,

rPij(r)
=3xN, , 4)

theor

where P;;(r) is a pair function defined as
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9 max ff ] "-a;. . .
P,-j(r)=f0 J;’ e ”qzsm(qrfj)sm(qr)dq , (5)

e
where aj; =cr;?'j /2—a’ involves the mean square relative

displacement between atomic pairs U%j and the width of
the Gaussian window function a®. To obtain the best fit
we used the MINUIT subroutine of the CERN library to
minimize the mean-square difference {(J .., —J exp *);
the fitting parameters are N, r, and o for each shell.

To avoid local minima 1n the fitting procedure and to
reduce computer time, theoretical starting functions near
the final ones are needed. We used a successive approxi-
mation scheme to fit experimental data. As a first step we
fitted the first shell only using a small “7” range. In the
second step first and second shells were fitted, but second
shell starting parameters were calculated from the first-
shell data of the preceding step. In the final step third
shell contributions were included. Some of the third-shell
peaks were near and below those of the second shell, so it
was necessary to take them into account for a precise

determination of disorder factors and coordination num-

bers. With the aim of avoiding the introduction of extra

free parameters in the best-fit procedures, all third-shell
parameters (area, disorder factors, and positions) were
obtained from the data relative to the first two shells.
Third neighbor contributions were simulated using the
treatment by Paul, Connell, and Temkin,”® which con-
sists in the calculation of the third-neighbor distribution
function from bond lengths and bond angles using a suit-
able form for the corresponding dihedral angle distribu-
tion function; to take into account the effects of bond
length and bond angle distortions, it was convoluted with
a Gaussian function. In the present analysis we used a
flat dihedral angle distribution; the possibility of a nonflat
distribution was tested; there was no significant change
while number of fitting parameters increased.

We notice that, due to the great difference 1n atomic
scattering factor of Si, C, and H the possible i-j pairs con-
tribute with very different weight to i (g) and thus to the
experimental RFD. In fact the total pair correlation
function G (r) can be written as a weighted sum of partial
pair correlation functions g;;,

N
i, J
where N is a normalization constant. Using a rough esti-
mate, ! the weight functions K ;j can be written

K;=x;x;f;(0)f;(0), (7)

J

so that they depend on the relative concentration x; and
on the atomic scattering factors at ¢ =0. In a-S1,_, C,:H
alloys there are in principle six PCF’s g;:(r). The weight
functions K;; ensure that pair contributions involving H
are negligible in all samples. In Si-rich samples, the
weight function for C-C pairs is small compared to Si-Si
pairs (e.g., for sample 2 we have K - /K g5 =0.01) while
at higher C concentrations Si-Si, C-C, and Si-C pairs
have similar weights. The most important effect is that in
Si-rich samples it i1s difficult to directly reveal the C-C
contribution to the RDF. On the other hand, we are ex-
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tremely sensitive to a small number of Si-Si bonds in C-
rich samples (e.g., for sample 5 we have K /K gi5; = 15).

IV. RESULTS:
DETAILED LOCAL STRUCTURAL
DETERMINATION FOR Si AND C ATOMS

Before continuing we summarize the symbols used. We
shall indicate a first-shell configuration with the symbol
i-j, which means correlation between atoms i and j direct-
ly bonded, and second-shell configurations with the sym-
bol i-j(k), which means correlation between atoms i and
j with atom k as a center. We shall indicate the first-shell
parameters for the i-j pair with the symbol ®; (with
®=r,0,N) and the second-shell parameters for the i-j (k)
configuration with the symbol @, (with ®=r,0,N,0H).
We shall study two aspects of the atomic structure: the
geometrical properties and chemical ordering. Bond
lengths, bond angles, and disorder factors define geome-
trical disorder and local structural symmetries. Chemical
ordering concerns the coordination number of each site
and the distribution of bond types in the alloy. For the
first neighbors, as already remarked, bond-type distribu-
tion varies between two extreme situations: complete
random order and complete chemical order. In the RO
case the distribution of bonds is purely statistical and
completely determined by atomic coordinations and rela-
tive concentrations. For an 4,__ B, alloy RO 1s charac-
terized by the presence of A-A, B-B, and A-B bonds for
all compositions other than x =0 and 1. In the opposite
case of CO, heteronuclear bonds A-B are maximized at
all concentrations. In this case there exists a
stoichiometric concentration x, at which only 4-B bonds
exist. At concentrations other than x_. only homonuclear
bonds for the majority element can exist. For the next-
nearest-neighbor configurations there are three extreme
cases: the RO case, for which all i-j(k) configurations
can exist with a random distribution, and two kinds of
CO, CO with homogeneous dispersion (COHD) and CO
with phase separation (COPS). For an A,_, B, alloy

COHD represents the situation in which the bonds al-
lowed by CO are homogeneously dispersed in the alloy,
so that for A-rich samples we can find A-A(A4), A-
B(A), A-A(B), and B-B( A) configurations; on the other
hand, in COPS, “mixed’’ configurations such as A-B( A4)
are not present!! and the material consists of two micro-
phases: a pure A phase and a chemically ordered 4B al-
loy phase.

The results of our analysis are presented in Figs. 1-8.
In Fig. 1, on the left-hand side, the experimental data
and the total RDF’s of the five samples studied are
shown. The behavior of the structure function reveals the
modifications induced by C inclusion: as x increases its
amplitude decreases due to the smaller scattering factor
of C compared to Si and the frequency changes due to the
presence of different distances. The short-range order
modifications are better highlighted in the RDF plots. It
should be kept in mind that the relative magnitude of the
different peaks is severely affected by the scattering fac-
tors of the pair involved. Qualitatively speaking, the
RDF’s show the gradual growth of the C-C peak at =~1.3
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qxi(q)

FIG. 1. Left panel: experimental structure
factors. Right panel: total radial distribution
functions. Arrows in right panel indicate
nearest- and next-nearest-neighbor distances in
crystals.

47r°p' (1)

;\, while the Si1-C peak, at =1.86 f&, has its maximum
value for intermediate concentrations, and the Si-Si peak
at =2.36 A vanishes in C-Rich samples, leaving an evi-
dent minimum between first- and second-shell
configurations. Second-shell contributions, which are
well defined in Si-rich samples, gradually become more
closely spaced as x increases. The Si-Si(Si) peak, at
~3.85 A, vanishes in C-rich samples, leaving a smooth
feature deriving from higher-shell configurations; the Si-
S1(C) arld C-C(S1) peaks, at =3.12 A, and C-C(C), at
~2.50 A, are clearly visible in C-rich samples.

In Fig. 2 two examples of the fits for the total RDF’s,
for samples 2 and 4, are given. These examples illustrate
the behavior we have found also for the remaining sam-
ples. In fact, in the first shell no minority homonuclear
bonds have been found (this is especially significant for
high x, since there 1s a high sensitivity to Si-Si bonds in
this concentration region) and the types of second-shell
contributions differ for large and small x: at low C con-
tent all second-shell configurations compatible with the

first shell are detected while at high C content no mixed
configuration C-Si(C) is found.

In Fig. 3 the interatomic distances obtained for the
first- and second-shell configurations are presented; the
interatomic distances found in diamond, graphite, Si, and
S1C (all in the crystalline form) are plotted as dotted lines.
Clearly the interatomic distances in the first and second
shell are close to those of the crystal and are independent
from x (no significant trend is observed). The C-C dis-
tances, both in the first and second shells, are between
those expected for graphitic and sp> configurations, con-
sistent with a mixture of sp? and sp> hybridized C. First-
and second-shell distances agree with previous determina-
tions.”! The Si-Si peak is located at 2.3610.005 A in
samples 1 and 2, while it exhibits a small increase to 2.39
A 1n sample 3. This 1s surprising given the general
finding of constant bond lengths in amorphous semicon-
ductors’ and the EXAFS measurements® in which this
distance was found constant at 2.351+0.01 A. We believe
that it 1s an artifact due to the presence of a weak, un-

3 71 1.0
—~ I 2 Si—Si(Si) 4
! - Si—C(Si ; 10
o i -GSt Si=C C=C(0) £ o 0.8
. _c(si)
- C-C R
v c.-81(C)— 0.6
m -
= ‘; - FIG. 2. Examples of best fits for samples 2
: - 0.4 and 4. The data are shown as a continuous
Na) j line, the fit as points. Also shown are individu-
{,;Q — 0.2 al peak contributions. e.u. stands for electron-
- v ic units.
<N Oy e T e R — 0.0
1 | I | 1.1 :
1 < 3 4 2 3 4
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FIG. 3. Interatomic distances of all nearest- and next-

nearest-neighbor configurations.

resolved, second-shell C-C(C) peak. Such a contribution
can distort the main Si-Si peak since the second-shell dis-
tances in graphite and diamond, 2.46 and 2.51 A, respec-
tively, are near the Si-Si first-shell peak. We have tested
this possibility by adding a C-C(C) peak at =2.46 A in
the fit: as a result the Si1-S1 peak shifted to a lower bond
length. In spite of this, because of the poor sensitivity to
C-C scattering in Si-rich samples, quantitative results are
uncertain and we prefer not to use this correction in or-
der to avoid introducing more parameters. On the other
hand, this is in qualitative agreement with the existence
of a small quantity of homonuclear C-C bonds below
x =0.5. We observe that for the two C-rich samples the
second shell is fitted well without any Si-C(C) contribu-
tions for which we have a greater sensitivity than for C-
C(C) due to its higher weight function. This means that
C-C and C-C(C) configurations, if any, must come from a
separated carbon phase, polymeric or graphitic, rather
than dlspersed in the network.

The o3 (r) value (Fig. 4) is equal to 5.5X 10~ A2 in
a-S1:H, in agreement with oprewous determinations,”! and
increases to 6.4X1073 A’ in the alloy samples. The
o&clr) values are about 1.5 times greater’? than pure a-C
and they are about twice o3.(r). These high values are

[ 1Si-Si(Si)
1071 | I
N oy 1 ¢ Si-C(Si)
= T b - Si-Si(C)
3 r _ C--C(Si)
R + F Cc-C(C
t 1()th — + T 3’2 & 3 ()
o s :
5 X XX 4+ X Si-Si
+3i-C
; | | l | ©e=C
10_ L1 1 L [ | l I | } 1 1 1 1 | b L 1 1

FIG. 4. Mean-square relative displacements for all intera-
tomic distances measured.
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unusual because?’ the C-C bonds are stronger than Si-Si
and we expect that the former would be more ordered
than the latter. A contribution to this fact is undoubtedly
that the C-C peak width comes from the two unresolved
peaks of sp? and sp> configurations rather than from a
continuous bond distribution.

Comparing the o%(r) values obtained for the first and

second shells we observe that whereas o2 is equal to or

higher than others in the first shell, it is smaller in the
second shell. This must be explained, at least in part, by
the fact that the static disorder observed in the first and
second shells around C comes from two different effects:
in the first shell the disorder factor is dominated by the
peak separation (Ar=0.12 A) while in the second shell
the two configuration distances are closer (Ar =~0.05 A)
and the width of the RDF peak is essentially due to the
true disorder factor.

In Fig. 5 the bond angles, as deduced from the first-
and second-shell bond lengths, are plotted. Ogis; 1S al-

ways close to the tetrahedral value of 109.47° the slightly
lower value of this quantity for sample 2 is due to the er-
roneous determination of the first-shell bond length, as
discussed above. The C-C(C) bond angle is found at
113.6°+0.2°, which is between the values expected for sp?
and sp’configurations. The bond angle value obtained
S1-C(S1) is higher than tetrahedral at =~ 113° this suggests
that bond bending forces are weaker on Si1 sites with a
mixed first shell and that the inclusion of C in the a-Si:H
leads to an increase of this angle. Also reported is the
contribution from Si-Si{C) and C-C(Si) configurations.
We expect a small difference between C-centered and Si-
centered configurations due to the coexistence of sp? and
sp> C hybridizations whereas Si atoms are expected only
in sp° configurations; however, we have not resolved
these two situations to reduce the number of free parame-
ters 1n the fitting procedure. In Si-rich samples the S
scattering factors exalts the Si-Si(C) weight factor and the
angle 1s consistent with partial graphitic hybridization of
the central atom. On the other hand, as x increases the
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FIG. 5. Bond angles and their fluctuation, as deduced from
the interatomic distance measurements.



weight of C-C(Si) arrangements increases and thus the
bond angle decreases since only tetrahedral arrangement
of Si sites are present. The presence of a partial graphitic
hybridization is compatible also with our previous EX-
|

o(0)=
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AFS data.®

From the o%(r) and 6 values we have calculated the
fluctuation of the bond angle for a i-j(k) configuration,
by using

rik O i (r)— g — i cos(O) oy (r)—|rj —ry cos(0)|o y (r)

|77 sin(0))]

The o(0) values obtained, which are reported in the
bottom half of Fig. 5, are all in the range 5°-15°, compa-
tible with the fact that in amorphous semiconductors
bond angle fluctuations are of the order of 10% of the an-
gle mean value. The angular disorder obtained (~4")
agrees with results®? on a-C.

In Fig. 6 we show the mean coordination numbers for
St and C and the mean total coordination number
N=(1—x)Ng +xN. Ng i1s obtained from
Ng=Ngct+Ngg and similarly for N.. H inclusion
reduces the observed coordination number because its
scattering amplitude is negligible, so C-H and Si-H bonds
are invisible in x-ray diffraction data. By using
Ngg=4—xy/(1—xg), the hydrogen concentration
x yfor the a-Si:H sample 1s found to be =23%. A similar
calculation cannot be done for alloy samples because we
do not have an independent measurement of the relative
fraction of sp, sp?, and sp> C.

The continuous decrease of the mean coordination
number with x agrees with the experimental evidence
that as the C concentration increases, H inclusion and
the fraction of sp bonded C also increase. This fact is in
agreement with the decrease in the bulk density, the
values of which are reported in Table I and agree with
the literature data for a-Si:H (Ref. 51) and a-C:H. >’ Si ex-
hibits a mean coordination number which 1s always be-
tween 3.4 and 3.7 and is always higher than N,: this
agrees with the evidence!? that H is preferably bonded to
C. We notice that at intermediate concentration Ng;
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FIG. 6. Mean coordination numbers for S1 and C atoms and
the mean total coordination number.

(8)

presents a weak minimum. This is most probably due to
the fact!?? that Si-C bonding induces an increase in Si-H
bond strength compared to C-H. At intermediate com-
positions, in which Si-C bonds are maximized, the num-
ber of H atoms bonded to Si i1s thus greatest.

In sample 2 the value of N-=2.2, obtained from the
Si-C peak area, is very small. A small value for N has
also been inferred by EXAFS analysis® where the data on
a sample with x =0.26 was consistent with N-~2. In-
frared spectra,'>'® as well as mass density measure-
ments, >* show that, depending on deposition conditions,
C can be incorporated mainly as methy! groups and esti-
mate that the C-H bond content is up to 33% of the total
C bonds, '*!> which would lead to No=2.7. We believe
that the value found in the present analysis could, at least
in part, be due to the fact that some C is found in a Si-
free phase and that the resulting C-C bonds are undetect-
ed in XRS due to the low weight of such configurations.
In fact, in this case, the extra C-C bonds would raise N
to a value closer to 3. The reduced growth temperature
of the present samples might enhance the volume fraction
of the Si-free phase.'* On the other hand, we point out
that the coordination numbers reported in Fig. 6 were
calculated using the total C concentrations obtained by
SNMS. Given that we are poorly sensitive to the Si-free
phase, the correct value of N for the SiC alloy phase
should be obtained by using the C concentration in this
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FIG. 7. Experimental first-shell atomic pair probabilities
(crosses) compared to those predicted in the CO and RO hy-
potheses (open circles).
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phase, which is certainly less than the total. This would
contribute to the increase in N-. In fact, as it can be seen
from Eq. (4), the coordination number obtained by a fit of
a J.,,(r) peak is inversely proportional to the concentra-
tion used.

We present in Fig. 7 the plots of the normalized first-
shell coordination numbers as a function of x, compared
to the expected values assuming either complete CO or
complete RO. In Fig. 8 a similar plot for the second shell
is shown together with expected values assuming COPS
or COHD, respectively. Since mean coordination num-
bers for Si and C are different (and not equal to 4), com-
paring the experimental results with a theoretical plot ob-
tained using a stoichiometric concentration of 0.5 can be
misleading. Thus theoretical value reported in Figs. 7
and 8 were obtained using the experimental coordination
numbers (Fig. 6) as the effective valence for S1 and C. In
this way we were able to take into account the effect of H
inclusion and C hybridizations other than sp°. As for the
first shell, the data clearly fit the CO hypothesis better
than RO. Due to the different weights of the contribu-
tions it is much easier to estimate the number of minority
homonuclear bonds in C-rich samples than in Si-rich
samples. In particular we stress that in RO a significant
Si-Si contribution, 0.06 normalized bonds per Si atom, is
predicted for sample 4. This has not been detected, not-
withstanding a high sensitivity to such a contribution;
more precisely we estimate that the maximum number of
Si-Si bonds per Si atom compatible with the data 1s 0.02.
In the second shell it is quite clear that COPS provides
the best fit with experimental data for C-rich samples
while for Si-rich samples agreement seems to be best with
COHD for sample 2 and no satisfactory fit is found for
sample 3. In order to clarify the situation at high C con-
centration in Fig. 9 we compare our fit (left panel) with a
hypothetical RDF (right panel) in which the first-shell
parameters have been used to calculate the second-shell
contribution in the COHD hypothesis. We observe that
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FIG. 8. Experimental second-shell atomic pair probabilities
(crosses) compared to those predicted in the COPS and COHD
hypotheses (open circles).
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R(A)

FIG. 9. Left panel: experimental data (continuous line) and
best fit (dots) for sample 4. Right panel: same as in the left
panel but with a hypothetical RDF built by using the first-shell
coordination numbers in the COHD hypothesis.

the Si-Si(C) and C-C(Si) contributions become very small,
while the big peak of the Si-C(C) configuration appears at
~2.7 A; the result 1s a very poor comparison with exper-
imental data. A similar analysis can be performed for
sample 5. The conclusion ts that in C-rich samples chem-
ical order is of the certainly of the COPS type. In Si-rich
samples the situation is less clear, with a good fit to
COHD at low x. A similar trend has been pointed out in
the literature. > !!

V. DISCUSSION: BOND LENGTHS
AND DEGREE OF CHEMICAL ORDERING

After having provided a detailed picture of local bond-
ing we now discuss two important question on the struc-
ture of a-S1,_, C,:H: the behavior of bond lengths and
the degree of chemical ordering.

The evidence provided clearly indicates that all bond
lengths 1n first and second shell are close to the crystal-
line value and do not vary in a significant way with x.
The present result confirms the general trend found using
EXAFS in a wide class of amorphous alloys® and extends
it to include next-nearest neighbors. This implies that al-
though bond angles have a 10% static fluctuation, their
mean values remain unchanged so that the elementary
tetrahedral and graphitic units can be considered as
building blocks of the material, notwithstanding the pres-
ence of many phases at the microscopic level and the ab-
sence of long range order.

The present situation must be compared with what
occurs In crystalline semiconductor alloys. In fact in
pseudobinary alloys of the type In,_, Ga, As it has been
found>® that, whereas the lattice constant varies linearly
with x following Vegard’s law, the individual bond
lengths exhibit a smaller (but nonzero) variation, with a
tendency to remain close to their ‘““natural value.” This
only apparently contradicts the requirement of long-
range order: in the model proposed> for Cd,_,Mn_ Te



the cations remain fixed on their lattice positions while
the anion moves from its ideal position in order to mini-
mize the strain energy and keep the bond lengths as near
as possible to their natural value.

These ideas have been put on a firm ground by two
theoretical approaches, which successfully reproduce the
experimental data on a wide class of material.*>°"*° In
the framework of a Keating interatomic potential it is
shown that the relative magnitude of bond stretching (a)
and bond bending (f) force constants determines to what
extent the bond lengths exhibit variations with composi-
tion: for weak angular force constants the lattice is
“floppy’’ and there are only weak variations of the bond
lengths while large angular forces lead to a rigid lattice in
which bond lengths are forced to follow more closely the
variation of the lattice parameter.

Mousseau and Thorpe have studied the effect of amor-
phicity on bond length vanation for the case of SiGe al-
loys and have found that the loss of long-range order
does not significantly change the predicted variations.
Hence we believe it 1s useful to compare the expected
variation of bond lengths in crystalline Si,_ C_ alloys
with the present experiments. In Fig. 10 we report as the
solid lines the theoretical variation according to Cai and
Thorpe, with the ratio B/a taken from Martin®® (for the
SiC bond length Martins and Zunger predict a similar
overall variation but with a downward shift of 0.15 A).
The points represent the experimental measurement tak-
en from the present data and from the EXAFS deter-
mination.® Note that in the present case statlc bond
length fluctuations amount to, at most, ~0.1 A, so that
they cannot obscure the 0.4 A variation expected. There
is no doubt that the expected variations in bond length in
crystalline Si;,_,C, are not detected in a-Si,_,C,:H.
There can be a number of reasons for this. First, the
theoretical estimate does not take into account graphitic
and/or polymeric C bonding, which can alter the value of
angular force constants. Second, the effect of H 1s also
important in making the network less rigid and has been
used by Mousseau and Thorpe®” to explain (at least in
part) the lack of variation in bond length in a-
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F1G. 10. Comparison of the predicted variation of nearest-
neighbor bond lengths in crystalline SiC with the experimental
data from the present work (circles) and EXAFS (diamonds).
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S1,_,Ge,:H. Finally, it 1s possible that the lack of long-
range order does in fact make the network more floppy
than in the crystalline case.

We now comment on the degree of chemical ordering
present I a-S1;_,C, :H. As explained in Sec. IV, the
present experimental evidence points to a strong tenden-
cy for chemical order, as borne out by the nearest-
neighbor coordination numbers and confirmed by EX-
AFS as far as the Si environment is concerned. Further-
more, it agrees with other experimental evidences, as
briefly reviewed in Ref. 3. For C-rich samples the chemi-
cal order 1s found to be of the COPS type, while at low x
the situation is less clear. This tendency for chemical or-
der should not be over interpreted, as it is clear that po-
lymeric and graphitic C do exist. The problem of chemi-
cal ordering in semiconductor alloys has been addressed
in both crystalline®® and amorphous®®*° systems. In crys-
tals the enthalpy of mixing can be divided in two parts: a
chemical term deriving from charge transfer and a strain
term deriving from bond deformation. Using this ap-
proach the authors found in Si-Ge alloys a tendency
against chemical ordering while in Si-C alloys a strong
preference for heterobonds is predicted. Smith and Yin,
using an approach that i1s more appropriate for amor-
phous materials which also includes bonding to H, mini-
mized the free energy, thus taking into account entropy
effects. A large amount of chemical order 1s predicted for
a-S1,_, C, :H, in agreement with the present results.

We consider it useful, at this point, to compare our re-
sults with recent theoretical models of amorphous
stlicon-carbon alloys. We will look at three recent mod-
els: a continuous random network’’ (CRN) model, an ab
initio molecular-dynamics (MD) model,** and free-energy
model”>** (FEM) obtained from a statistical thermo-
dynamics approach.

The CRN models were the first models used to simu-
late the structure of amorphous covalent materials.”® ™%
Energy minimization of a disordered starting structure 1s
achieved by a Monte Carlo algorithm using a simple ex-
pression for the interatomic potential. The CRN model
proposed by Kelires®’ for a-Si,_, C.:H uses empirical po-
tentials, ®! already tested with good results on a-Si,”’ a-
C,% and ¢-SiC.°! Although C-C homonuclear bonds are
observed in Si-rich samples, this model presents a high
degree of CO in agreement with our results; the first-shell
composition of the model with x =0.5 suggests that C
atoms in chemically ordered environment are sp> hybri-
dized. '

MD simulations with interatomic potentials obtained
from first principles have recently received much interest.
Most of the recent progress is due to the approach intro-
duced by 1985 by Car and Parrinello.® Excellent results
have been obtained 1n a large variety of systems such as
a-Si (Ref. 64) and a-C.% In spite of this, the model built
for a stoichiometric a-SiC sample yields a geometrically
high distorted structure and a high degree of chemical
disorder, in disagreement with the present findings. This
high degree of disorder can be partially due to the ab-
sence of hydrogen in the model, which would confirm the
role of H inclusion in promoting chemical order. We
point out that the model does not reproduce other experi-
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mental features such as the electronic density of states.
The FEM (Refs. 28 and 22) for bonding in amorphous
covalent alloys 1s based on the quasichemical approach to
the thermodynamics of regular solutions.® The normal-
ized bond concentrations are obtained minimizing the
Gibbs free energy. Samples with different relative con-
centrations of S1 and C are simulated at high and low H
concentrations. At high H concentration essentially all C
and H atoms enter as CH; units leading to a “methylated
amorphous silicon structure” a-Si,_,(CH,),:H and only

one S1-C bond per C atom is predicted. As previously
mentioned the observed correlation between the increase
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in S1-H and Si-C bonding predicted by this model is
confirmed by our data and borne out by the shallow
minimum of Ng at intermediate concentrations. The
FEM predicts a strong tendency for chemical order, with
some residual entropy effects, and is thus confirmed by
our measurements.
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