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Three structural models of amorphous carbon with differing percentages of threefold- and
fourfold-coordinated atoms were constructed and analyzed, along with a purely four-coordinated
amorphous Ge model which was scaled to diamond bond lengths. The radial distribution function
and interference function, F(k), of the model containing 14% four-coordinated atoms were in best
agreement with the experimental results of Boiko et al., although the functions containing 48%
four-coordinated atoms were in best agreement with the results of Kakinoki et al. The unavoidable
planar nature of the entirely three-coordinated model caused its F (k) to be in poor agreement with
experiment. Raman and vibrational density-of-states (DOS) spectra were also calculated for the
models. The presence of disorder in the three-coordinated model produced a downward shift in fre-
quency of the principal Raman peak and DOS band edge from the position seen in graphite. With
the addition of four-coordinated atoms, there was a gradual transition from graphitelike spectra to
diamondlike spectra, rather than spectra with a mixture of distinct features typical of graphite and
diamond. In addition, there was a further downward shift in frequency of the main Raman peak
and in that of the “disorder peak” seen in microcrystalline and amorphous carbon. The spectra of
the model containing 14% four-coordinated carbon was in best agreement with recent Raman
scattering experiments. These results suggest a structure for amorphous carbon consisting of three-
coordinated planar regions with occasional four-coordinated atoms allowing changes in orientation
of the planes. The positions of the peaks in the spectra suggest that the proportion of four-
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coordinated atoms is not likely to exceed 10%.

I. INTRODUCTION

Amorphous carbon (a-C) has a much greater hardness!
and mechanical strength? than graphite and has a pseudo-
gap and a hopping conductivity very similar to that of
other amorphous semiconductors.’ The first step towards
an understanding of the mechanical and electrical proper-
ties of a-C is to develop a satisfactory model of the struc-
ture. Although there is considerable evidence suggesting
that the structure of a-Si and a-Ge is a randomly connect-
ed network of tetrahedrally bonded atoms, there is much
less agreement as to the structure of a-C. Studies of the
radial distribution function (RDF) obtained from
electron-diffraction experiments have in some cases sug-
gested that the bonding is entirely three coordinated, as in
graphite,* and in others have been interpreted to indicate
that as much as 50% diamondlike tetrahedral bonding
may be present.’ Electron-energy-loss spectra obtained by
Batson and Craven® indicated graphitic bonding in one
sample, whereas another sample showed a structure sug-
gesting tetrahedral coordination. From analysis of their
neutron-diffraction data, Mildner and Carpenter’ con-
clude that the percentage of tetrahedrally bonded atoms in
a-C is no more than 10% and is probably less than 5%.
Recent Raman scattering experiments show a spectrum
which is much closer to that of graphite than of dia-
mond.!¥—10

Much of our knowledge of the structure of a-Si and
a-Ge has been obtained by constructing physical models
with several hundred atoms and calculating the RDF of
the model structures.!! As the RDF does not uniquely
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specify the structure, it is necessary to calculate other
properties, such as the Raman and infrared-absorption
spectra, as well.'»!3 In order to better understand the
structure of a-C, we present here an analysis of the struc-
ture and vibrational properties of several models of a-C.

II. DESCRIPTION OF THE MODELS

During the course of this study, three large structural
models of amorphous carbon were built by hand. One
model, consisting of 1120 atoms (hereafter referred to as
the C1120 model), is entirely three coordinated. Another
(the C356 model), built to test the hypothesis of Kakinoki
et al.,’ contains 356 atoms of which 51% are tetrahedral-
ly coordinated. Studies of these two models suggested a
need for the third (the C340 model), containing 340 atoms
with 9% tetrahedral bonding. An interior sphere of fully
bonded atoms was used in the calculation of the RDF and
the vibrational spectra of these models. In this region, the
C356 model has 48% four-coordinated atoms and the
C340 model has 14% four-coordinated atoms. For pur-
poses of comparison, a fourth model having 100%
tetrahedral coordination (C519) was generated by rescal-
ing the 519-atom Polk model'! of amorphous germanium.
Although this model is not considered as a likely candi-
date for the structure of a-C, it provides some useful in-
sight into the trends which are observed when the percen-
tage of four-coordinated atoms is varied. With the excep-
tion of the C1120 model, these are relatively isotropic ran-
domly connected networks with no interior dangling
bonds. Significant numbers of five- and seven-membered
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TABLE 1. Summary of structural properties of models.

Four-coordinated

atoms . Rings per atom
Model (%) 0; (deg) 6, (deg) Fivefold Sixfold Sevenfold
C1120 0 117.7£5.0 0.106 0.294 0.100
C340 9.1 117.3+5.9 108.9+6.2 0.055 0.329 0.119
C356 51.4 116.9+£7.1 109.9+7.1 0.098 0.312 0.278
C519 100 109.4+7.1 0.360 1.00 1.04

rings were incorporated into the structures, as well as a
few eight- and nine-membered rings.  No four-membered
rings were used. As the C340 model is mostly three coor-
dinated, with 120° bond angles, the short-range topology
of the model is planar, with the small number of
tetrahedrally coordinated atoms allowing the planes to be
bent and interconnected. The resulting structure has little
distortion in bond lengths and bond angles, yet has a fair-
ly random orientation of planes. When the bonding is ex-
clusively graphitic as in the case of the C1120 model, it is
not possible to deviate from a flat planar structure
without extreme distortions in bond angle. Therefore, the

C1120 model was constructed from four stacked, slightly

warped 280-atom planes. The four layers are topological-
ly equivalent, as they are replicas of a single hand-built
layer, rotated by 0°, 60°, 120°, and 270°. All models were
computer relaxed by the method of Steinhardt et al.!* to
minimize the strain energy due to distortions in bond
length and bond angle from their crystalline values. Thus,
the target bond angles in the relaxation process were 120°
for the three-coordinated atoms and 109.4° for four-
coordinated atoms. Bond lengths between three-
coordinated atoms were relaxed toward the 1.42 A gra-
phite bond length, bonds between four-coordinated atoms
were relaxed toward the diamond bond length of 1.56 A,
and bonds between three-coordinated atoms and four-
coordination atoms were relaxed toward the 1.51 A dis-
tance found in toluene. In the relaxation of the C1120
model, an additional central-force interaction was used be-
tween nearest neighbors on adjacent planes in order to
force their separation towards the 3.64 A distance found
in graphite. (Although the closest distance between atoms
on adjacent graphite planes is 3.35 A, 9 times as many
pairs occur at a spacing of 3.64 A.) The ring statistics,
average bond angles and rms deviations, and the percen-
tage of interior tetrahedrally coordinated atoms for the
four models are presented in Table I.

III. RDF ANALYSIS

Radial distribution functions were calculated for an in-
terior sphere of fully bonded atoms in each of the models.
The RDF’s were corrected for the finite size of the models
and were Gaussian broadened to fit the width of the first
peak in the experimental RDF’s, which has been
broadened to minimize termination effects. Although this
method of display tends to suppress details in the model
RDF, it is useful because it helps to answer the important
question of whether the model is more or less disordered
than the experimentally studied system. Figure 1 displays
the RDF’s of the C1120, C340, C356, and C519 models

(solid lines) along with the experimental results of Boiko
et al.* (dashed lines) and of Kakinoki et al.’ (dotted-
dashed lines). Table II summarizes the positions of the
first and second peaks in the RDF, the nearest-neighbor
coordination numbers, and the densities calculated from
these RDF’s, as well as those of graphite and diamond.
From a visual inspection of the RDF’s of Fig. 1 and a
comparison of the calculated densities in Table II, it is ap-
parent that all of the models except the exclusively three-
coordinated C1120 model have a significantly higher den-
sity than the experimentally studied samples. The C340
model, being mostly three coordinated, could very likely
have been built in a more open structure with a lower den-
sity. The high density of the C356 and C519 models is a
more serious flaw in the models because the large number
of tetrahedral bonds enforces a much more densely
packed construction. Although it is difficult to imagine a
completely tetrahedrally coordinated structure having a
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FIG. 1. Radial distribution functions calculated for the four
models (solid lines) compared to the experimental RDF’s of
Boiko et al. (dashed lines) and Kakinoki et al. (dotted-dashed
line).
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TABLE II. Quantities calculated from the radial distribution
function.

r (A) 1) (A) n p (g/cm).
Model
C1120 1.42 2.44 3.00 2.11
C340 1.42 2.43 3.28 2.69
C356 1.51 2.55 3.53 3.21
C519 1.55 2.52 4.00 3.39
Experimental
Boiko® 1.43 2.53 3.3 2.1
Kakinki® 1.51 2.53 3.45 2.4
Cluster models
Graphite 1.42 2.45 3.00 2.25
Diamond 1.55 2.52 4.00 3.51
2See Ref. 4.
See Ref. 5.

density very much less than that of diamond, it might be
possible to decrease the density of a structure having
roughly 50% tetrahedral coordination by using a less
homogeneous distribution of three- and four-coordinated
atoms than was used in the C356 model. Kakinoki et al.
have suggested a model in which regions containing only
three-coordinated atoms are bonded to regions containing
only four-coordinated atoms. Such a structure, contain-
ing planar three-coordinated regions several angstroms
across, could have large voids which would significantly
reduce its density. There is also considerable uncertainty
in the densities which were used to normalize the experi-
mental RDF’s. The density used by Kakinoki et al. was
estimated from the dimensions and weight of the sample
and did not take any porosity of the sample into account.’
Boiko et al. used a value taken from the literature which
may not have been appropriate for their sample, which
was observed to have pores averaging 12 A in size.*

The position of the first peak in the RDF of the C340
model is very close to the nearest-neighbor distance in
graphite, as bonds between three-coordinated atoms are by
far the most prevalent. This peak position and the coordi-
nation number calculated from the area under the peak
are in good agreement with the results of Boiko et al., al-
though there is a large uncertainty in the experimentally
measured coordination number. The majority of the
bonds in the C356 model are between three-coordinated
atoms and four-coordinated atoms, producing a peak at
1.51 A. This peak position and the calculated coordina-
tion number are in agreement with the results of Kakinoki
et al. However, this peak could also arise from a compos-
ite of the two peaks in the inhomogeneous model pro-
posed by Kakinoki et al. The second peak, occurring at
2.52 A in both experimental RDF’s, falls at a significantly
smaller value for the C1120 and C340 models, and occurs
at approximately the correct position for the C356 and
C519 models. A study of the unbroadened model RDF’s
(not shown here) reveals that_in the C1120 model this
peak arises mainly from 2.45 A second-neighbor distance

in six-membered rings with significant contributions from
the 2.30 and 2.56 A second- neighbor distances in five- and
seven-membered rings. In the remaining models, the
many different types of distorted rings produce a fairly
smooth distribution of second-neighbor distances. The
third peaks in the RDF’s of all of the models arises from
a variety of distant neighbors, and are not in good agree-
ment with experiment, although the models having the
largest percentages of four-coordinated atoms are in best
agreement with the results of Kakinoki et al.

It is also useful to examine the interference function,
defined as

= [ 717 (")/r —amprIsin(kndr

where J(r) is the RDF and p is the mean number density.
This function is shown for the various models and experi-
ments in Fig. 2. The most striking feature of the F(k)
calculated for the C1120 model is the strong peak at 1.72
A~'=27/(3.64 A), which is not seen in the experimental
data. This is a result of the unavoidable planar nature of
the entirely three-coordinated model with its periodic
3.64-A separation between neighboring atoms on different
planes. As is the case with the calculated RDF’s, the in-
terference function for the Boiko et al. experiment is best
fitted by the C340 model and that of Kakinoki et al. is
best fitted by the C356 model, with its larger percentage
of four-coordinated atoms. In spite of the great difference
between the structure of the C519 model and the others,
the RDF’s are rather similar. This suggests the need for
the analysis of other experimental quantities which are
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FIG. 2. Interference functions calculated for the four models
(solid lines) compared to the experimental RDF’s of Boiko
et al. (dashed line) and Kakinoki et al. (dotted-dashed line).
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sensitive to the structure, such as the vibrational spec-
trum.

IV. VIBRATIONAL PROPERTIES

The vibrational densities of states (DOS’s) and Raman
spectra of the models were calculated using the equation-
of-motion method.!* The force constants used in the vi-
brational calculations were taken from simple force
models which represent the main features of the graphite
and diamond spectra, correctly giving the frequency of
the main high-frequency Raman peak and giving the best
compromise for the general shape of the rest of the DOS
spectrum. For graphite, a valence-force-field (VFF)
model was used with nearest-neighbor bond-stretching
and -bending forces, in addition to an out-of-plane force."
These three force constants were chosen to be 363, 36, and
134 N/m, respectively. A two-parameter VFF model
with a bond-stretching force constant of 270 N/m and a
bond-bending force constant of 25 N/m was used to fit
the 1332-cm~! Raman peak occurring at the upper edge
of the diamond DOS. The force constant for stretching
of bonds between three- and four-coordinated atoms was
taken to be the average of the graphite and diamond
bond-stretching constants.

The vibrational spectrum of a model is calculated from
the Fourier transform of the time-dependent self-corre-
lation function of its atomic displacements. When the ini-
tial displacements from equilibrium are chosen randomly,
the resulting spectrum is the full vibrational DOS. Initial
conditions which select Raman-active modes of vibration
are obtained using three phenomenological mechanisms
[R(1), R(2), and R (3)] which correspond to symmetry-
allowed contributions to the polarizability from pairs of
atoms.'>!3 R (1) is a bond-stretching mechanism which
contributes chiefly to the high-frequency part of the spec-
trum. R(2), which involves the rocking of bonds, gives
the major contribution to the lower-frequency part of the
Raman spectrum. These two mechanisms contribute to
both the maximally depolarized spectrum HV and the po-
larized spectrum HH. R(3) is a bond-stretching mecha-
nism which contributes only to polarized Raman scatter-
ing. As the HV and HH spectra of a-C are very simi-
lar,'® and the model spectra calculated using R (3) had no
strong features, the reduced Raman spectrum of a model
was represented by a weighted average of the spectra cal-
culated using R(1) and R(2). For each model, the
weighting was chosen to fit the height of the high-
frequency peak of the experimentally measured® reduced
Raman spectrum of a-C and the average level of the low-
frequency part of the spectrum. As long-range forces are
known to be important in both graphite and diamond, it is
likely that other mechanisms involving nonbonded atoms
may also contribute to the Raman spectrum. For this
reason, it is useful to examine the DOS of the models, as
it may reveal Raman-active features which are not repro-
duced by these simple mechanisms. For many amorphous
materials, the reduced Raman HV spectrum, scaled by di-
viding by the frequency, approximates the DOS over most
of its range.!’

Figure 3 shows the DOS spectra of the four models and
cluster models of graphite and diamond compared with
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FIG. 3. Vibrational density-of-states spectra (solid lines) of
the four amorphous carbon models and cluster models of
graphite and diamond. The dashed lines represent the experi-
mental reduced Raman spectrum from Ref. 8 divided by fre-
quency in order to approximate the DOS.

Lannin’s® a-C reduced Raman spectrum, which was di-
vided by frequency to approximate the DOS. The calcu-
lated reduced Raman spectra of the models are compared
to Lannin’s experimental results in Fig. 4. A damping
term was introduced in the Fourier transform to minimize
oscillations arising from the finite time span of the in-
tegration of the equations of motion. This results in a
broadening of the spectra, giving a resolution of 29 cm™!
(full width at half maximum). The calculated Raman
spectrum of the graphite model consisted of a single peak
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FIG. 4. Reduced Raman intensity calculated for the four
models (solid lines) compared to the experimental results of Ref.
8 (dashed lines).
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at 1591 cm™!, close to the experimentally observed value
of 1581 cm~!. The diamond-like Raman peak occurs at
the experimentally observed value of 1332 cm~!. For
both of these crystalline models, the Raman peak occurs
at the upper edge of the DOS spectrum.

The spectra of the C1120 model show the effects of
bond-angle distortion accompanied by a decrease in the
average bond angle and of the change in connectivity due
to the addition of other than six-membered rings. Here
we see a downward shift in the frequency of the principal
Raman peak to 1528 cm~! and a corresponding shift in
the upper edge of the DOS. In Lannin’s Raman spec-
trum, this peak occurs slightly lower in frequency, at
about 1516 cm™!. Both the Raman and DOS spectra of
this model show only a hint of the pronounced dip occur-
ring at 440 cm~! in the graphite-model DOS. This dip
occurs at about 560 cm ™! in calculations of the graphite
DOS using more sophisticated force models.'!® Lannin’s
spectra also show a noticeable dip at about 560 cm™ 1 sug-
gesting that a-C may be slightly more ordered than the
C1120 model. If this is so, disorder alone may not be
enough to account for the downward shift in frequency of
the principal Raman peak.

The spectra of the C340, C356, and C519 models show
the additional effects of adding tetrahedrally coordinated
atoms. We see a gradual transition from graphitelike
spectra to diamondlike spectra as four-coordinated atoms
are incorporated into the structure, rather than spectra
with a mixture of distinct features typical of graphite and
diamond. In addition, there is a further downward shift
in the frequency of the main Raman peak, roughly pro-
portional to the percentage of four-coordinated atoms.
For these three models, the peaks occur at 1489, 1374, and
1265 cm ™!, respectively.

The graphite-model and C1120 DOS’s as well as the
C1120 Raman spectrum, show a peak at 1310 cm™!
which we identify with the disorder peak seen at 1355
em~! in microcrystalline graphite!® and in annealed a-C
films.">!° This feature in the DOS becomes Raman ac-
tive due to the loss of long-range translational symmetry
arising from dangling bonds in microcrystalline graphite
or from disorder in a-C. In the C340 model with 14%
four-coordinated atoms, this peak is shifted downwards to
1278 cm~!. Dillon et al.'® find that this feature occurs at
about 1283 cm™~! in their as-deposited a-C films. Upon
annealing, the line sharpens and shifts toward 1353 cm™l,
This suggests that a-C may contain a small percentage of
tetrahedral bonds which are broken upon annealing.

As is the case with the experimental Raman spectrum,
‘the Raman spectra of the models have an asymmetric
main peak with the greater weight occurring on the low-
frequency side. A spectrum intermediate between the Ra-
man and DOS spectra of either the C1120 or C340 model
would give better agreement with experiment, suggesting
that mechanisms for Raman activity other than the ones
considered here could be important. To adequately fit the
experimental spectrum on the high side of the peak, the
model spectra would have to extend out to 1800 cm™l,
Although increasing bond-angle distortion in models of
a-Ge tends to broaden the high-frequency DOS peak on
both sides,'>?° this is not the case with three-coordinated

a-C, as may be seen from a comparison of the calculated
graphite-model and C1120-model DOS’s. This is most
likely because any deviation from the planar graphite
structure towards a puckered structure lowers the average
bond angle, rather than producing a symmetric distribu-
tion of bond angles about the crystalline value. The
failure of the model calculations to give the correct posi-
tion of the upper edge of the Raman spectrum could be
due to the simplified force model used, which includes
only interactions between nearest neighbors. The ex-
istence of a small number of two-coordinated carbon
atoms, as in acetylene, could also extend the Raman spec-
trum upwards in frequency, as this double bond would be
much stronger than the graphitic bond. Either of these
possibilities could also compensate for the decrease in the
frequency of the upper band edge caused by the inclusion
of four-coordinated atoms.

V. CONCLUSIONS

The above analysis of the vibrational spectra of the
models leads us to conclude that a-C is primarily three-
coordinated and that the percentage of tetrahedrally coor-
dinated carbon, if any, is probably less than 10%. The
positions of the principal Raman peak and the disorder
peak in a-C relative to their frequencies in graphite sug-
gests that there may be a small (5—10%) amount of
tetrahedral bonding present, however.

The analysis of the densities of the models and the
comparisons of their RDF’s and interference functions
with the experimental results of Boiko et al. also lead to
the conclusion that a-C is primarily three coordinated.
On the other hand, the RDF of Kakinoki et al. is in best
agreement with models having a large percentage of
tetrahedrally coordinated atoms. Mildner and Carpenter’
suggest that Kakinoki’s use of the macroscopic density to
normalize the data from thin films may have lead to in-
correct results. If these results were correct, and the sam-
ples studied by Kakinoki et al. had 50% tetrahedral coor-
dination, one would expect similar samples to have Ra-
man spectra considerably different from those reported in
Refs. 1 and 8—10. This is unlikely, as the samples used in
these Raman studies were prepared by a variety of
methods, including the evaporation method used by Kaki-
noki, and the spectra were all quite similar. It has been
pointed out! that, as the Raman scattering efficiency of
diamond is much less than that of graphite, the contribu-
tion from tetrahedral bonds might not be noticeable. This
would likely be true for an inhomogeneous structure hav-
ing large diamondlike regions connected by large graphitic
regions. However, we have seen that when the
tetrahedrally bonded atoms are uniformly distributed
throughout the model, the effect is to modify the vibra-
tional spectrum of the model as a whole, rather than to in-
troduce spectral features typical of scattering from ‘“dia-
mond atoms.”

Perhaps the strongest argument for the presence of
some tetrahedral bonding in a-C is the lack of agreement
between the interference function for the necessarily high-
ly anisotropic layered structure forced by pure threefold
coordination, and the interference functions derived from
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electron-diffraction studies of a-C. Wada et al.! have
suggested a structure consisting of randomly oriented
planes of amorphous three-coordinated carbon about 20 A
in diameter, having dangling bonds at the edges. This
model is appealing, as it is isotropic, yet it does not in-
volve the assumption of tetrahedral bonding. However,
the density of the fully connected C1120 layered model is
approximately correct, and a completely three-coordinated
model with randomly oriented planes would surely have a
much lower density. Furthermore, the weak attractive
forces between planes would cause such a model to col-
lapse into a layered structure unless the planes were con-
nected by tetrahedrally coordinated atoms. It seems more
reasonable to assume that the structure is similar to the
C340 model, consisting of three-coordinated planar re-
gions with occasional four-coordinated atoms allowing
changes in orientation of the planes. This is likely to be
energetically more favorable than a structure containing a
large number of dangling bonds. The existence of
tetrahedral bonding in a-C seems reasonable because any

bending or warping of planar regions of three-coordinated
carbon would change the distance between the out-of-
plane p orbitals and destroy the energetic advantage of sp?
hybridization. Using electron microscopy, Iijima?! has
detected tetrahedral bonds in bent graphite layers within
graphitized carbon particles. From the results of Wada
et al. and Dillon et al. it seems that upon annealing, the
short-range order more closely resembles crystalline gra-
phite and the energetic advantage of tetrahedral bonding
disappears, causing the tetrahedral bonds to break, allow-
ing the formation of graphite microcrystals.
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