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of the local atomic structure of amorphous unhydrogenated and hydrogenated silicon carbide
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Extended x-ray-absorption (EXAFS) and electron-energy-loss fine-structure (EXELFS) measure-

ments have been performed on amorphous unhydrogenated silicon carbide, a-SiC, and amorphous
hydrogenated silicon carbide, a-SiC:H. Two hydrogenated samples with hydrogen concentrations
corresponding, respectively, to H flows of 4 sccm (20% of argon flow) and 8 sccm (40% of argon
flow) during the reactive sputtering process, were analyzed (sccm denotes standard cubic centime-

ters per minute at STP). It is found that short-range order (SRO), consisting of the same

tetrahedrally coordinated units present in cubic crystalline c-SiC (zinc-blende structure), where a Si
atom is surrounded by nearly four C atoms and vice versa, does exist in all the amorphous samples.
This SRO, however, is detected only at a level of the first C and Si coordination shells in a-SiC and
a-SiC:H. The structural disorder of the first Si and C coordination shells in all forms of amorphous
SiC is somewhat greater than c-SiC, and it decreases appreciably as hydrogen is added. The a-SiC
sample exhibits large Si and C coordination numbers, almost identical to c-SiC, a low atomic densi-

ty, and virtually the same Si—C bond length as c-SiC. These results indicate that a relatively small

concentration of large voids exist in a highly disordered a-SiC matrix. The a-SiC:H samples, on the
other hand, exhibit a decrease in the C coordination number relative to a-SiC, which is independent
of H concentration, low Si and C atomic densities, comparable to a-SiC, and virtually the same Si
coordination number as a-SiC. These EXAFS-EXELFS results are consistent with a model where

part of the H is substituting for Si in the local tetrahedra surrounding C atoms, while the rest is lo-

cated inside internal voids in the a-SiC:H samples. The surface of the voids is composed of C atoms
which have at least one bond to H, and of Si atoms. Finally, a straightforward computational pro-

0

cedure is applied to estimate the size of these voids. It is found that their average size 21 A, thus

excluding the possibility that the voids might be point defects.

I. INTRODUCTION

In recent years, both amorphous unhydrogenated and
hydrogenated silicon carbide (a-SiC and a-SiC:H) have
witnessed considerable increase in research interest attri-
buted primarily to their attractive electronic, optical, and
optoelectronic properties, and, consequently, to their po-
tential technological applications. ' Amorphous hydro-
genated silicon carbide, for instance, has been proposed
as a wide-band-gap intrinsic layer in multilayer amor-
phous silicon solar cells, and has already been used as a
p-type window layer in a-Si:H solar cells. In addition,
because of its high-temperature stability, semiconducting
silicon carbide is presently a candidate material in the
search for a stable high-temperature semiconductor. It
has also been suggested that, since stoichiometry greatly
afFects the physical properties of a-SiC:H (i.e.,
Si„C, „:H),one could exploit the variability of composi-
tion x and the concentration of hydrogen incorporated to
tailor the electronic properties of the compound to
different applications, possibly surpassing amorphous hy-
drogenated silicon. '

However, the behavior of a-SiC and a-SiC:H is quite
complex and, unfortunately, most of their properties do
not vary linearly with alloy composition. " Many
structural studies were thus performed to establish an un-
derstanding of the relationship between variations in the
composition of these materials and their physical proper-
ties. ' ' ' Although these investigations were widely
diverse in scope and content, they all agreed that a
knowledge of the structure of these materials at the
nanoscopic level —local atomic environment or short-
range order (SRO)—is essential to establish a complete
understanding of their properties. Nevertheless, many
important structural issues remain unresolved, and little
is known about the physical mechanisms that govern the
inclusion of C and H in the silicon matrix, their local
atomic structure, and where the H binds in modifying the
amorphous matrix. '

Extended x-ray-absorption fine-structure spectroscopy
(EXAFS) and extended electron-energy-loss fine-structure
spectroscopy (EXELFS) are powerful techniques for
probing the nanostructure of amorphous semiconduc-
tors. ' Unfortunately, all researchers using
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EXAFS have focused so far on the silicon nanostruc-
ture, ' ' ' while EXELFS has been applied to study the
local structure in amorphous carbon, graphitic car-
bon, ' and graphite, but not in silicon carbide alloys.
The present paper reports on the first application of
EXAFS-EXELFS to study the local atomic environment
of both Si and C atoms in stoichiometric a-SiC and a-
SiC:H. Information generated on the SRO and the
nanostructural static disorder o. about the silicon and
carbon atoms and on the location of H and its effects on
the amorphous silicon carbide matrix is presented and
discussed. In what follows, we summarize the details of
the measurements and of sample preparation in Sec. II.
The EXAFS-EXELFS formalism and data analysis are
explained in Sec. III, while a discussion and an interpre-
tation of the results are given in Sec. IV. Finally, the
main conclusions are outlined in Sec. V.

II. EXPERIMENT

a-SiC and a-SiC:H thin films were prepared on quartz
substrates by conventional radio-frequency (rA reactive
sputtering (13.56 MHz} in an argon atmosphere (a-SiC)
and in an argon-hydrogen mixture (a-SiC:H). The sur-
face of the substrates was mechanically roughened to
suppress any optical interference effects. High-resistivity
composite targets of high-purity (99.999%) silicon base
plate and carbon chips were employed and the carbon-
to-silicon area ratio in the target changed until
stoichiometry was achieved in the sputtered films. All
sets of samples, hydrogenated or not, were deposited un-
der the same experimental conditions, except for hydro-
gen flow. The base pressure of the sputtering apparatus
was less than 1X10 torr, and the argon partial pres-
sure was held constant, for all deposition runs at
P~, -5 X 10 torr (Ar flow of 20 sccm, where sccm
denotes cubic centimeters per minute at STP). Upon hy-
drogenation, the hydrogen partial pressure was set at, for
different deposition runs, PH -0.6 and 1.2X10 torr,"2
corresponding to hydrogen flows of 4 sccm (20% of Ar
flow} and 8 sccm (40% of Ar flow), respectively, thus al-
lowing us to produce films with variable hydrogen con-
centrations. The rf input power of 100 W was applied to
the sputtering target of 15 cm surface area, which corre-
sponded to a power density of -6.66 W/cm . The depo-
sition rate was nearly constant at -5 A/s for hydrogen
partial pressures below 0.6X10 torr, but gradually de-
creased to -3 A/s at the hydrogen partial pressure of
1.2 X 10 torr. The films were produced with
thicknesses below 200 A.

The EXAFS-EXELFS studies were carried out at the
Center for Microanaiysis of Materials, Materials
Research Laboratory, University of Illinois at Urbana-
Champaign.

The experimental measurements employing a high-
energy electron beam (300 keV) were performed on a Phi-
lips EM430 transmission electron microscope (TEM)
equipped with a Gatan model 607 single magnetic sector,
double-focusing electron-energy-loss spectrometer. The
electron microscope was used in the bright-field imaging
mode to form a 1-pm-diam probe on the specimen with a

beam current of —1 pA. An entrance slit to the spec-
trometer selected electrons according to their scattering
angle and the spectrometer dispersed them in a direction
perpendicular to the slit. Spectra were recorded by scan-
ning the energy-loss intensity across an apertured scintil-
lator (model NE100) and by counting the single pulses
derived from the photomultiplier (RCA 8575). An
EDAX 9100/60 multichannel analyzer-minicomputer,
equipped with acquisition and display facilities, was used
for data gathering and initial processing. Thermal vibra-
tion effects were minimized by mounting the TEM sam-
ples in a Philips model PW6591/01 side-entry cold stage
and performing measurements with liquid-nitrogen cool-
ing at 80 K.

Since the extended fine structure above the core edges
consists of small intensity modulations ranging in ampli-
tude typically from 10% near the ionization threshold to
less than 1%, a few hundred eV higher in energy, statis-
tics are required to be at the 1%—possibly 0.1%—
signal-to-noise level. This corresponds in silicon car-
bide spectra to between 10 and 10 counts per channel
for the typical background intensities preceding the
edges, which required a check of the reliability of the
counting rates achievable with our system. Following the
procedure of Leapman, Rez, and Mayers, we found that
minimum counting times of -2 s per eV channel are
needed at the silicon and carbon core edges. However,
because of the decreasing cross section above threshold,
the average time per channel used was 3 s.

Multiple-scattering effects, such as collective plasmons,
were also minimized by limiting the sample thickness to
—1.5A, (where A, is the inelastic mean free path), leading
to typical thicknesses below 200 A. The plural-scattering
processes tend to induce distortions and inaccuracies in
the analysis, such as extra peaks in the spectrum above
the edge and an increase in the background intensity rela-
tive to the signal, and it is of major importance that they
are accounted for. The a-SiC:H films, of thicknesses
below 200 A, were removed from the substrates by etch-
ing with hydrofluoric acid and collected on copper micro-
scope grids to make samples of optimum thickness.
Crystalline silicon carbide (c-SiC) samples, used as stan-
dards, were prepared as thin, 3-mm-diam disks by using
an annular diamond saw and an ultrasonic drill. The
disks were subsequently polished on a series of laps and
cloths and finally thinned to perforation using an ion-
beam milling machine.

III. EXAFS-EXELFS FORMALISM
AND DATA ANALYSIS

The general theory and interpretation of EXAFS-
EXELFS are now well established and will not be dis-
cussed in detail in the present paper. A brief outline
of the important steps of the EXAFS-EXELFS data
analysis will be presented, however, to aid in the under-
standing of the data processing and of the results present-
ed.

The equation of EXAFS-EXELFS modulations y(k),
assuming no multiple scattering, is given by
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+j ~j —2k 0 2R /A,y(k}= g e 'e ' sin(2kR +A. } .
~ kR 1 J

J j
The summation is over coordination shells of atoms sur-
rounding the excited atom, with N (the coordination
number) atoms in shell j located at an average distance
R. from the central atom. The first exponential term ac-
counts for the motion of the atoms due to thermal (as
well as zero-point} vibrations and to static displacements.
The parameter e is the mean-square relative displace-
ment for the jth shell, and the electron wave vector k is
related to the emitted electron's energy E by
k =(2m, E i%' )'~ . The quantity A, is the phenomenologi-
cal mean free path that corresponds to a finite lifetime of
the excited state, A (2k) is the backscattering amplitude
of the atoms in the jth shell, and 5/(k) is the phase shift
experienced by the photoelectron as it traverses the po-
tential of the central and backscattering atoms.

Experimentally, the EXAFS-EXELFS spectra appear
as low-intensity oscillations (relative to the jump at the
ionization edge) superimposed on the smooth atomic
background, which decays with increasing energy above
the edge. These oscillations are observed in the "raw"
data that we collected; for instance, for EXELFS above
the Si L edges at 99.2 eV (L2 3 edges) and at 149 eV (L,
edge}, the C K edge at 283.9 eV, and the Si EC edge at
1839 eV in a-SiC:H [see Figs. 1(a) and 1(b)]. The data
have not been smoothed or normalized, nor has any back-
ground been removed.

First, it is necessary to isolate the elemental oscillatory
modulations y(k) from the smooth atomic background
by fitting and removing the preedge background due to
other edges and to the other elements. The edge step is
then normalized so that comparisons could be made be-
tween spectra from different samples. The normalized
spectrum is transformed to k space using the relation
fi k /2m =E Eo, where E—o is the excitation energy.
Eo is taken as the energy about the first inflection point at
the threshold for ionization. y(k) is consequently iso-
lated by means of a cubic spline fit and background sub-
traction. We performed this procedure to isolate the
y(k) data for the Si and C K edges in all four types of
samples [crystalline SiC, a-SiC, a-SiC:H (20% H2 flow),
and a-SiC:H (40% H2 flow}].

From y(k), a radial distribution function, or RDF,
F(R) can be derived by Fourier transforming y(k) to R
space. The resulting F(R) gives a rough idea of the coor-
dination numbers and locations of the surrounding atoms
and is only an intermediate step. The positions of the
peaks in F(R) are shifted compared to the true distances
as a result of excluding from the Fourier transform the
contribution from the phase shifts 5 (k), which are k
dependent. Figures 2 and 3 show the radial distribution
functions for the Si and C atoms in, respectively, cubic
crystalline SiC and a-SiC:H (20% H2 flow).

Next, a shell is selected using a smooth window and
back-Fourier-transforming to k space is carried out to
isolate the single-shell contribution to the y(k) data. The
final stage of the analysis involves determining structural
parameters (coordination number, radial distance, and
structural disorder cr ) for the unknowns, namely, a-SiC
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FIG. 1. Typical "raw" electron-energy-loss data, showing ex-

tended fine structure, past (a) the Si L edges and the C E edge,
and (b) the Si K edge in a-SiC:H (20% H2 flow). The data have

not been normalized, smoothed, or edited.

IU. RESULTS AND DISCUSSION

As can be seen from Figs. 2 and 3, the transform, or ra-
dial distribution function F(R ), contains only a first-shell

and a-SiC:H. For this purpose, the ratio method is ap-
plied. ' ' ' It involves comparing the single-shell data
from the unknown with those from a suitable standard of
known structure and a chemical environment which is
similar to the unknown structure. Clearly, crystalline
SiC can be used as the standard in this case. The chemi-
cal transferability of the phase shifts and backscattering
amplitudes is well established, since the local environ-
ment and chemical state (local bonding) should not differ
considerably between the crystalline and amorphous
states. The use of the ratio method thus reduces reliance
on the assumption of transferability and allows high ac-
curacy to be achieved in the determination of structural
parameters. In Fig. 4, we display a representative phase
difference and logarithmic amplitude ratio of a-SiC as
compared to c-SiC. The error bars in the curves reflect
the difference in results obtained from an independent
analysis of different scans and is a measure of the noise in
the data and any systematic noise introduced in the
analysis. '
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bic c-SiC, where a silicon atom is surrounded approxi-
mately by four C atoms and vice versa, as seen in column
2 of both tables.

In the first column of Tables I and II, we report the
density p of Si and C atoms in the amorphous films, as
deduced from the magnitude of the jump of the Si and
CK ionization edges relative to the density p of their
counterparts in c-SiC. The a-SiC sample exhibits a high
reduction of p with respect to p, and a large increase in
structural disorder about both Si and C atoms in compar-
ison to c-SiC (see the corresponding b,o values in
column 4), but virtually no change in the Si—C bond
length.

The corresponding coordination numbers X, as de-
duced from the EXAFS-EXELFS analysis, of Si and C
are reported in column 2. We note that the a-SiC sample
exhibits a large coordination, almost identical to that of
c-SiC, despite its low atomic density. These observations
point to the possible presence of a relatively small con-
centration of large voids in a highly disordered a-SiC

structure. Only voids can explain the results of decreased
density because of the comparably insignificant changes
in coordination number and nearest-neighbor distance in
a-SiC.

Next, we attempt to understand how the hydrogen
binds in modifying the amorphous structure. The addi-
tion of hydrogen, within the experimental error of —5%,
causes a decrease in the coordination number of carbon
in the hydrogenated samples of -6.25% relative to c-

SiC, and this is the same for both a-SiC:H (20% Hz flow)

and a-SiC:H (40% H2 flow). The comparison with a-SiC
indicates a coordination number decrease of -6% which
is independent of hydrogen concentration. No change is
detected, to within the experimental error, for the coordi-
nation number of silicon in the hydrogenated samples rel-

ative to c-SiC. Similarly, the Si—C bond length remains
virtually unchanged.

Within the cited errors, these results are consistent and
indicate that in the hydrogenated samples, hydrogen
bonds mainly to carbon. Since the H atoms are invisible
to EXAFS because of their low backscattering amplitude
at k & 3 A ', their binding to C would cause a decrease
in coordination number as measured by EXAFS-
EXELFS.'5'39

One hypothesis is that a hydrogen atom binds to one C
atom without displacing any C—Si bonds. If this oc-
curred, then some of the C atoms would have five bonds
consisting of four Si neighbors and a fifth bond due to hy-
drogen. This hypothesis is implausible from chemical ar-
guments since C atoms tend to form four covalent
bonds. Furthermore, the addition of a fifth bond would
be expected to change the distances of the four C-Si
nearest neighbors and would tend to also increase Acr,
the opposite of what is observed experimentally. Finally,
this possibility is precluded on the basis that it does not
account for the reduction in the C coordination number
with hydrogen addition.

A second possibility is that H substitutes for Si in the
locally ordered tetrahedral unit, made predominantly of
Si atoms, surrounding a C atom. This hypothesis is sup-
ported by the experimental observation that the coordi-
nation number of carbon exhibits a decrease with hydro-
gen addition, while the coordination number of Si, i.e.,
the number of C atoms in the locally ordered tetrahedral
units surrounding Si atoms, does not change.

The decrease in carbon nearest-neighbor coordination
is not, however, the only significant structural change ob-
served upon hydrogenation. A decrease in o. of the Si
and C atoms, which is proportional to hydrogen addition,
is also observed. The presence of hydrogen during the
sputtering process may tend to increase the surface mo-

TABLE I. Interatomic distances, coordination numbers, and structural disorder for the Si atom in

c-SiC, a-SiC, a-SiC:H (20% H2 flow), and a-SiC:H (40% H2 flow).

Sample

c-SiC
a-SiC
a-SiC:H (20% H2 flow)
a-SiC:H (40% H2 flow)

1.00
0.86 (3)
0.85 (2)
0.84 (3)

4.00
3.99 (5)
3.98 (4)
3.98 (4)

R (A)

1.88 (3)
1.86 (3)
1.87 (2)
1.89 (2)

ho. (10 A )

0.0
3.5 (6)
2.2 (5)
1.5 (6)
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TABLE II. Interatomic distances, coordination numbers, and structural disorder for the C atom in

e-SiC, a-SiC, a-SiC:H (20% Hz flow), and a-SiC:H (40% H2 flow).

Sample

e-SiC
a-SiC
a-SiC:H (20% H2 flow)
a-SiC:H (40% H2 flow)

1.00
0.83 (3)
0.85 (2)
0.84 (2)

4.00
3.98 (4)
3.75 (5)
3.74 (4)

R (A)

1.88 (3)
1.86 (3)
1.87 (2)
1.89 (2)

Acr (10 A )

0.0
4. 1 (7)
2.5 (5)
1.8 (5)

bility of the Si and C atoms in such a way as to produce a
locally more ordered material even though the incorpora-
tion of H inhibits crystallization, i.e., the crystallization
temperature for the hydrogenated samples is found to be
a few hundred degrees higher than for a-SiC. ' ' '

This decrease in cr for both the silicon and carbon atoms
upon hydrogenation, and the fact that the decrease in C
coordination number is independent of the amount of hy-
drogen incorporated, seems to indicate that H substitu-
tion for Si is not the only mechanism involved in the hy-
drogenation of amorphous silicon carbide.

The only remaining possibility is that hydrogen is lo-
cated inside internal voids in amorphous silicon carbide.
The surface of the voids is composed of carbon atoms
which have at least one bond to a hydrogen atom, and of
silicon atoms. This model explains the experimental re-
sults of decreased density and reduced coordination num-

ber for C which is independent of H concentration.
As pointed out by Bouldin et al. ,

' voids will both de-
crease the density proportional to their volume and de-
crease the coordination number proportional to their sur-
face area. We can combine the EXAFS-EXELFS density
and coordination-number measurements to estimate the
size of these voids. We follow the procedure of Bouldin
et al. which assumes that (1) C surface atoms bond one
H atom, (2) voids are cubic in shape, and (3) except for
the voids, the densities of the amorphous and crystalline
phases are the same, consistent with the experimental ob-
servations of invariant nearest-neighbor distance and
nearest-neighbor coordination number. In other words,
the bulk densities of the two phases between voids are
essentially equal. The results of the analysis are not ex-
pected to change significantly if the voids were of some
other compact shape, e.g. , spherical.

We consider cubic c-SiC which has the zinc-blende
structure with eight atoms (four Si and four C) per cubic
unit cell of side a. The volume per atom is thus (a/2)
which leads to an atomic density A /(a/2) =83 /a
per cubic of side A. The surface area per atom is (a/2)
which gives an atomic surface density, for a cube of sur-
face area 6A, of 6A /(a/2) =242 /a . Consequently,
the ratio of total number of atoms n„ to that of surface
atomsn, inacubeofside A is

n„

n, 3 a

Next, we examine the efFects of taking out a cubic void
of side A consisting of n, atoms and n, surface atoms.
The n, atoms would decrease the density by

b p/p =n„(a /2), while the n, surface atoms would
reduce the coordination per atom by bN/N= ,'n, (a/2—) .
The corresponding ratio is thus

hp hN 4
U

p N n,

Combining with (1), we find, for a cubic void of side A,

3a Ap AN
4 p N

(2)

(3)

V. CONCLUSIONS AND SUMMARY

Within the cited errors, we conclude the following.
1. The SRO observed in the unhydrogenated and hy-

drogenated amorphous silicon carbide samples consists of
basically the same tetrahedrally coordinated units ob-
served in cubic c-SiC, where a C atom is surrounded by
nearly four Si atoms and vice versa. However, these or-
dered units are observed at the level of the first coordina-
tion shell in a-SiC, a-SiC:H (20% Hz flow), and a-SiC:H
(40%%uo H2 flow).

2. The a-SiC sample exhibits a large coordination
number for both the Si and C atoms, almost identical to

From the EXAFS-EXELFS results, we find that at
T-80 K the average change in atomic density with
respect to c-SiC, computed from the magnitude of the
jumps of the Si and C E edges in all three amorphous
samples, is hp/p-0. 155+0.02. Averaging hN/N for
the Si and C atoms of the three amorphous samples com-
pared to the crystalline sample, we obtain b,N/N
-0.024+0.005. Substituting these values into Eq. (3)
and using the lattice constant of cubic c-SiC of 4.35 A we
obtain A &21 A. This void-size estimate applies to both
a-SiC and a-SiC:H on the basis that their atomic densities
are practically the same. More importantly, this result
seems to indicate that the voids have dimensions
significantly larger than atomic sizes and, consequently,
could not be point defects. Previous work concluded that
point defects have typical sizes of ~ 7 A, ' and although
our estimates are not highly accurate, voids less than 7 A
in size are clearly excluded by our EXAFS-EXELFS
measurements.

In summary, our EXAFS-EXELFS results are con-
sistent with a structural model where at least part of the
hydrogen is saturating carbon bonds on the surfaces of
large voids in amorphous silicon carbide, while the rest of
the hydrogen is substituting for silicon atoms in the local-
ly ordered tetrahedra surrounding C atoms.



38 EXTENDED X-RAY-ABSORPTION AND ELECTRON-ENERGY- . ~ ~ 13 105

that of c-SiC, a low atomic density, virtually the same
Si—C bond length as c-SiC, and a large increase in
structural disorder about the Si and C atoms in compar-
ison to c-SiC. These observations point to the possible
presence of a relatively small concentration of large voids
in a highly disordered a-SiC matrix.

3. Upon hydrogenation, a decrease in the C coordina-
tion number, which is independent of the amount of H
incorporated, is observed for a-SiC:H (20% H~ flow) and
a-SiC:H (40% Hz flow) with respect to a-SiC. A reduc-
tion in the carbon structural disorder, which is, however,
proportional to hydrogen concentration, is also detected
relative to a-SiC. These changes indicate that a partial H
substitution for Si is occurring in the locally ordered
tetrahedral units, made predominantly of Si atoms, sur-
rounding C atoms. No such decrease is observed in the
Si coordination number with hydrogen doping.

4. Other structural effects are also detected upon hy-
drogenation, primarily a simultaneous decrease in the
structural disorder about the Si and C atoms in a-SiC:H
(20% Hz flow), a-SiC:H (40% Hz flow) relative to a-SiC,
and a low Si and C atomic density comparable to a-SiC.
The decrease is proportional to the amount of H incor-
porated. These additional changes, and the fact that the
reduction in C coordination number is independent of H
concentration, seem to indicate that the mechanism pro-
posed in conclusion 3 is not the only one involved in the
hydrogenation of amorphous silicon carbide. We pro-
pose an additional model where H atoms are located in-

side internal voids in amorphous SiC. The surface of the
voids is composed of carbon atoms which have at least
one bond to a hydrogen atom, and of silicon atoms. This
model explains the experimental results of decreased den-

sity, reduced structural disorder about Si and C, and re-
duced coordination number for C which is independent
of H concentration. Our EXAFS-EXELFS results are
consistent and seem to indicate that part of the H is
bound to the C surface atoms while the rest substitute for
Si in the local tetrahedra surrounding C atoms.

5. A computational procedure, initially proposed by
Bouldin et al. ,

' is applied to estimate the size of these
internal voids. It is found that the average void size is
~ 21 A for both a-SiC and o-SiC:H on the basis that their
atomic densities are practically the same. Our EXAFS-
EXELFS measurements indicate that the voids are
significantly larger than atomic sizes, and thus are not
point defects.
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