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The electronic properties of amorphous carbon structures with varying microscopic mass den-
sities, ranging from 2.0 to 3.52 g/cm®, are analyzed. Using a semiempirical density-functional
approach the model structures were generated by molecular dynamics performing a simulated cool-
ing of liquid carbon clusters, containing 128 atoms, within periodically arranged cubic supercells.
By investigation of properties related to chemical bonding we find a strong control of the band
gap by the balance between m bonding and electronic defect generation. As important sources that
influence the # — 7* band gap the distance distribution between non-o-bonded hybrid orbitals as
well as the topological properties of clustering sp? (or sp) units are discussed. A number of local
densities of states are calculated at representative atoms to validate the classification of 7 clusters

and electronic defect states used.

I. INTRODUCTION

The deposition of amorphous carbon (a-C) is stimu-
lating a still increasing number of research activities. It
opens new perspectives in thin film science and tech-
nology due to the wide variability in the mechanical,
optical, and electronic properties. Stable tetrahedral
forms of hydrogen-free amorphous carbon, ta-C, recently
have been grown by filtered vacuum arc evaporation and
mass-selected ion beam deposition.!™® These materials
have been demonstrated to behave like semiconductors
with relatively large band gaps.® They have been suc-
cessfully doped,”® a fact that considerably stimulates ef-
fort in using ta-C to make devices” ® and to understand
the structure-related electronic properties on the level of
chemical bonding and w-cluster formation.

Although many current activities are concerned with
obtaining knowledge about structure-formation mech-
anisms of amorphous carbon, the electronic band-gap
properties of these materials are still controversially dis-
cussed throughout the literature.’®"7 In particular, since
1987 the gap-closing mechanisms in the low-density mod-
ifications have been related to Robertson and O’Reilly’s
w-bonding cluster model.!® Their argument was based on
the fact that optical band-gap values in a-C(:H) are of-
ten quite small compared to the Hiickel 7 — 7* gap in
basic m systems such as ethylene and benzene. A possi-
ble conclusion was straightforward in searching for gap-
closing sources from aromatic clustering. The argumen-
tation widely accepted so far has explained the band-gap
variation in differently prepared a-C materials by the var-
ious extent of planar graphitic clusters mainly including
even-membered rings. These ideas have stimulated a lot
on how to look on amorphous carbon structures, but they
never have been founded on a quantitative theoretical
calculation based on atomic-scale microstructures.

Recently, Robertson reexamined his w-bonding aro-
matic cluster model of amorphous carbon in reducing the
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average size of clusters that are considered to be respon-
sible for small electronic band gaps in a-C materials.*®
Galli et al.,'? using self-consistent field (SCF) density-
functional (DF) molecular-dynamics (MD) methods, re-
port on graphitelike arrangements of “thick planes”
formed by five-, six-, and seven-membered rings, where
the sp? atoms tend to lie nearly on the same plane. Wang
et al.,'® by means of empirical tight-binding MD, again
claim to find graphitelike sheets which consist of six- and
a few five- and seven-membered rings. In this way these
two investigations seem to support the cluster model dis-
cussed by Robertson and O’Reilly.’® Various a-C struc-
tures obtained by classical empirical potentials, on the
other hand, have to be characterized as electronically
unstable.2%2! This is due to the neglect of an additional
structure stabilizing w-bonding interaction thus produc-
ing a random distribution of sp? and sp® sites and a
nearly uniform dihedral-angle distribution of neighboring
non-o-bonded hybrid orbitals.?! In contrast to the Galli
and Wang results Frauenheim et al.}* report on a-C mi-
crostructures of varying mass density that are formed by
almost equal portions of five-, six-, and seven-membered
rings which are puckered and strongly cross linked due
to the inclusion of sp® atoms in most of these rings. Sub-
stantial aromatic clustering causing larger portions of sp?
sites to arrange in plane under the constraint of the rigid
network in the small supercell clusters has not been found
for any mass density. Pronounced m — 7* gaps, however,
have been obtained for almost all densities, thus indicat-
ing that any argumentation treating aromatic clusters as
the origin of 7 — 7* gaps need not necessarily be true. In
other terms, these results, which are based on a quanti-
tative theoretical model, contradict the widespread use
of the aforementioned aromatic-cluster arguments.

To further clear up discussions on sources affecting
band-gap widening or closing in amorphous carbon ma-
terials this paper presents a quantitative analysis of a-
C microstructural models generated by a semiempirical
MD DF annealing simulation,'# including model systems
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for highly tetrahedral high-density ta-C modifications.
To reduce the influence of the small supercell size on
the structural evolution as well as to better account for
medium-range order effects, the simulations have been
performed by using 128-atom supercell clusters having
twice the volume of the cells considered previously.!*

After discussing relevant structural data in compari-
son with previous a-C simulations we focus on electronic
structure calculations in a-C models generated at differ-
ent mass densities. The band-gap behavior as charac-
terized by the gap width, the ratio of 7 and o bonds,
and the distribution of 7 states and defects will be re-
lated to the nature of m-bonded clusters (size, topology,
and degree of relaxation of m bonds). From this analysis
we show that undercoordinated atoms form chainlike or
ramified m clusters which only seldom contain aromatic
rings. With increasing mass density the cluster size re-
duces, giving rise to a preferred constitution of m-bonded
pairs or slightly larger even-membered 7 clusters. As the
result, in the modifications with 3.0 and 3.3 g/cm® the
smaller-clustered 7 bonds are strengthened, implying an
optimum reduction of stress from the rigid sp® matrix
and an opening of the m — 7* gap [defined as the separa-
tion between the highest occupied and the lowest unoccu-
pied 7-like molecular orbitals (HOMO-LUMO)] of about
3 eV. The effect of hydrogen incorporation during the
MD simulations will be the subject of a related paper??
in which evidence is given for a further stress reduction
in the high-density hydrogenated analogs leading to an
additional increase of the band gap above 3 eV.

The outline of the paper is as follows. In Sec. II we
briefly discuss the theoretical method and the simulation
regime used for the MD and verify its applicability to
the problems of interest. The structural properties of
the different a-C modifications in relation to experimen-
tal thin film studies are analyzed in Sec. III. On the
basis of a local orbital description a method for investi-
gating the local m-bonding properties and the electronic
defects in a-C structures is outlined in Sec. IV. Related
to the electronic density of states (DOS) behavior this
serves as the basis for achieving a deeper insight into the
electronic band-gap properties of amorphous carbon ma-
terials in Sec. V. In Sec. VI, before summarizing, we
discuss a number of local densities of states calculated
at representative atoms to validate the classification of 7
clusters and electronic-defect states used.

II. MD STRUCTURE SIMULATION

To model the structure formation in amorphous car-
bon modifications we have carried out MD simulations
for 128 carbon atoms using fixed-volume cubic supercell
arrangements of varying size in relation to the micro-
scopic mass densities to be studied. The structures have
been generated by the application of identical simulated
annealing conditions, performing a quenching of a partly
equilibrated liquid structure over a total annealing time
of 4 x 10712 5, Due to the constant atom number per su-
percell the cohesive energies for different densities have
been compared directly, thus yielding the most stable
structure under the given set of simulation conditions as

that which has the lowest energy.

The method which was outlined previously as a
semiempirical DF approach for MD (Ref. 14) includes
first-principle concepts in relating the Kohn-Sham or-
bitals of the atomic configuration to a minimal basis
of the localized atomiclike valence orbitals of all atoms,
which along with the single atomic potentials are deter-
mined self-consistently within the local-density approx-
imation. Each valence orbital is represented by a set
of 12 Slater-type functions. Making use of a simplified
non-self-consistent DF scheme for the many-atom config-
uration the effective one-electron potential in the Kohn-
Sham Hamiltonian is approximated as a sum of poten-
tials of neutral atoms. Consistent with this approxima-
tion one can neglect several contributions to the Hamil-
tonian matrix elements in the secular equation leaving
a simplified general eigenvalue problem for determining
the cluster electron eigenvalues and wave functions?3-24:
Z# cf‘(h“,, —€;8,,) = 0. The total energy of the sys-
tem as a function of the atomic coordinates can now be
decomposed into two parts, Fyot({Ri}) = Evina({R1}) +
E.ep({Ri — Ri}). The first term appearing as the sum
over all occupied cluster electron energies represents the
so-called band-structure energy, and the second, as an re-
pulsive energy, comprises the core-core repulsion between
the atoms and interactions between electrons at different
lattice sites that partly compensate. As a further approx-
imation this repulsive energy is modeled by short-range
repulsive empirical two-particle potentials (polynomials
of fifth order) which are fitted to best reproducing the
potential energy curves of the corresponding two-atomic
molecules in dependence on a wide range of the inter-
atomic separation (> 1.3ap, where ap is the Bohr ra-
dius). This procedure, already applied for the study of
stability and structure-related properties of a-C(:H),*
improves the fitting scheme reported earlier,!® where the
first attempts were made in simply reproducing the two-
atomic equilibrium separations and the experimental vi-
brational frequencies. Related to the carbon-carbon in-
teraction a time step of 80 atu (1 atu = 2.4 x 10717 s)
was found to be sufficient for handling the Verlet algo-
rithm and to guarantee the conservation of energy during
the simulation run.

Upon numerous computational tests, the method has
proven to model a representative number of carbon struc-
tures quantitatively correct. Carbon microclusters,!?
fullerenes,?® bulk-crystalline modifications, and diamond
surfaces?® have been investigated, reproducing experi-
mentally found structures. Moreover, the relative dif-
ferences of the cohesive energy per carbon atom as a
function of structure and coordination closely approx-
imate results obtained by more sophisticated methods
(SCF DF, SCF Hartree-Fock). As an important outcome
the method accounts well for the m-bonding effects which
are characteristic in the carbon chemistry.

III. STRUCTURAL PROPERTIES

As the result of the simulation we have obtained fi-
nal metastable a-C configurations of varying microscopic
mass densities between 2.0 and 3.52 g/cm3. As the most
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TABLE 1. Electronic properties of the a-C model structures. AE/atom, total energy difference

per atom related to the minimal-energy structure (in eV);

ELUMO _ pHOMO ' geharation between

bonding and antibonding 7 states (in eV); m pairs/ N, total number of free orbitals contained in
two-atomic 7 clusters related to all bonding and antibonding = states.

Density 2.0 2.2 2.4 2.7 3.0 3.3 3.52
AE/atom 0.858 0.642 0.525 0.380 0.164 0.091 0.0

ELUMO _ pHOMO 1.93 1.87 2.23 2.26 2.88 2.98 5.56
n pairs/ Ny 0.197 0.188 0.118 0.303 0.667 0.692 0.250

stable structures under the constraint of a fixed supercell
volume the high-density modifications with 3.0 g/cm?
and larger have the lowest energies containing 64% up
to 88% of carbon atoms within an sp® bonding config-
uration. In particular the 3.0 g/cm?® structure has been
found to have a very low defect density along witha m—7*
HOMO-LUMO band gap of 2.9 eV (cf. first two rows of
Table I).

The high-density modifications determined as the most
stable structures represent a material which has been
formed under nonequilibrium conditions controlling the
evolution of a very dense low-energy atomic configura-
tion. Similar structures have been grown recently by
filtered vacuum arc evaporation and mass-selected ion-
beam deposition.!™ In both cases high fractions of sp®
bonded atoms controlled by the density are obtained in
agreement with the theoretical modeling. Though we
are still far away from a realistic simulation of deposi-
tion processes, the quenched amorphous carbon struc-
tures describe relevant structural (diffraction) and elec-
tronic properties determined experimentally on low- and
high-density a-C modifications quantitatively well.2"28
In Table II some characteristic structural data are sum-
marized for all models considered. For a comparison,
some recent experimental and theoretical results are cited
in Table III. Computer-assisted images of the most of
the structures which provide a further impression of the
structural properties of our models are given in Fig. 1,
where differently coordinated atoms have been repre-
sented in green and blue color.

There is a clear tendency of promoting enlarged frac-
tions of sp® bonded atoms by a controlled increase of
the microscopic mass density that drives the character
of clustering to change considerably. In the low-density
metastable structures of 2.0 and 2.2 g/cm?® a formation of

TABLE II. Structural data for theoretically derived amor-
phous carbon modifications a-C in dependence on the mass
density. (C2,C3,C4, content of twofold, threefold, and four-
fold coordinated atoms; R1, mean nearest-neighbor distance;
©, mean bond angle; kcc, total CC coordination number).

homogeneous dense networks will not be achieved. One
obtains density fluctuations including sp-like hybridized
chain segments that interlink more dense clusters of puck-
ered five-, six-, and seven-membered rings incorporating
a high sp? fraction, but also a number of sp® atoms.
The sp? clustering is additionally stabilized by m-bonding

TABLE III. Structural data for theoretically and experi-
mentally derived amorphous carbon structures, taken from

the literature. The meaning of the symbols is the same as in
Table II.

Density C2 C3 C4 Ry (] kcc
(g/cm®) (%) (%) (%) (A) (deg)
theoretical relaxations
2.0° 85 15 1.44 3.20
2.20 12.0  80.6 7.4 2.96
2.44° 5.8 80.0 14.2 3.08
2.69° 6.5 71.0 225 3.16
2.0° 10 1.47  118.7 3.1
2.9° 25 1.48  116.7  3.25
3.2¢ 70 1.53  110.7 3.7
2.04 13 80 7 1.50 1179  2.93
2.54 5 79 16 1.49 1159  3.05
3.0¢ 1 65 34 1.51  113.6  3.33
experimental structures
1.8° 10 1.43 3.0
2.1° 10 1.44 3.2
2.44f 6.4 1.46 117 3.34
3.08 55 1.51  115.2 3.4
3.08 65 1.52 1133 3.3
2.9% 92 1.53 110 3.7

2Reference 12.
PReference 16.

Density C2 C3 C4 R, (S] kcc

(g/em®) (%) (%)  (B) (A)  (deg)
2.0 27 64 9 1.43 120.6 2.80
2.2 14 69 17 1.47 117.0 3.03
2.4 7 70 23 1.48 115.4 3.16
2.7 3 53 44 1.52 112.8 3.41
3.0 36 64 1.54 111.1 3.64
3.3 25 75 1.53 110.4 3.75
3.52 12 88 1.54 109.6 3.88

“Reference 15.

dReference 20.

°Reference 29.

fReference 30. Given a-C network density from the radial
distribution function, density from weighting samples: 2.0
g/cm?.

EReference 28.

hReference 2.
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cluster formation, which for the lowest-density structure
percolates through the system. The extent of the -
bonded clusters will be analyzed in more detail in Sec. V.
But already now it should be noted that the number of
completely m-bonded rings, given in comparison with the
total number of rings in Table IV, is very low even in
the lowest-density structures. Increasing the density up
to 2.4 and 2.7 g/cm3 the sp-like sites disappear. These
structures may be characterized as a relatively homoge-

neous distribution of smaller groups of sp? and sp® atoms
creating puckered ring clusters that are strongly cross
linked to generate the amorphous network. In rising the
density further to 3.0 and 3.3 g/cm® and finally to the
diamond value, a-C forms a predominantly tetrahedrally
coordinated homogeneous sp® matrix including randomly
distributed sp? atoms, which preferentially are paired.
The electronic consequences of this structural behavior
are again postponed until Sec. V.

FIG. 1. Computer images of a-C supercell structures with variation of mass density: 2.0 (a), 2.4 (b), 2.7 (c), 3.0 (d), 3.3 (e),
and 3.52 g/cm® (f). Green spheres denote twofold and threefold coordinated atoms, blue spheres denote fourfold ones. Open
circles refer to atoms in the neighboring supercells. For convenience (e) and (f) have been enlarged as compared with the first

ones by a factor of 65/60.
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FIG. 1 (Continued).

The changes in the bonding properties as a function
of density variation are illustrated by the bond-length
histograms in Fig. 2, showing the distribution of various
types of bonds in different grey shading. Furthermore,
the fractions of the bonds between equally coordinated
carbon atoms are additionally presented in this figure.
(Hereafter, two-, three-, and fourfold coordinated carbon
atoms are referred to as C2, C3, and C4 atoms, respec-
gvely, the cutoff radius for this classification being 1.85

The models having densities up to 2.4 g/cm? contain
a number of C2 atoms, which as a result of 7 interac-
‘tion form some “triplelike” bonds with bond lengths of
about 1.23 A. With increasing density these atoms van-
ish, whereas the number of C4 sites grows thus producing
bonds with lengths of about 1.55 A. This fact is reflected
by a global shift of the total bond-length distribution
to larger distances. The number of bonds between C3
neighbors remains, however, relatively constant for the

TABLE IV. Total and w-bonding ring statistics of a-C
models calculated via a shortest-path ring analysis, and ref-
erence values for graphite and diamond.

Density arbitrary /7-bonded rings
(g/cm®) 4 5 6 7
2.0 1/0 9/1 5/2 8/0
2.2 1/0 12/1 14/2 14/1
24 1/0 22/2 20/1 11/0
2.7 3/0 24/0 36/1 26/0
3.0 6/0 36/0 54/0 32/0
3.3 5/0 39/0 60.0 54.0
3.52 5/0 41/0 79/0 67/9
graphite 0/0 0/0 64/64 0.0
diamond 0/0 0/0 256/0 0/0

low-density models, inferring the change in the network
connectivity to be mainly determined by a competition
between the reduction of C2-C2 bonds and the emergence
of C4-C4 bonds. In the high-density modifications with-
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FIG. 2. Bond-length histograms of a-C models with dif-
ferent mass densities p. Furthermore, the fractions of C2-C2,
C3-C3, and C4-C4 bonds related to all bonds within the mod-
els are also shown.
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out C2-C2 bonds the further increase of the density gives
rise to a roughly linear increase of the number of C4-C4
bonds and a strong reduction of the number of C3-C3
bonds. It should be noted that the standard deviation of
the total bond-length distribution is found to be nearly
constant at a value of 0.08 A for the whole range of den-
sities between 2.0 and 3.0 g/cm® and decreases slightly
for densities above 3.0 g/cm?®.

Now let us consider the clustering tendencies within
our models from a purely statistical point of view.
To this end, we have calculated the partial coordina-
tion numbers?? for differently coordinated carbon atoms.
These values may be compared with the corresponding
numbers for systems of the same chemical composition
and density, but with a random distribution of different
hybrids. This distribution is characterized by the require-
ment that the probability for one atom to be in a cer-
tain hybridization state is independent of the hybridiza-
tion states of the neighboring atoms. Equally hybridized
atoms of such systems are only able to cluster by statisti-
cal reasons. The partial numbers k;; are calculated as the
number of Cj atoms neighboring an atom Ci, related to
all Ci atoms. As given in Table V, the single-component
coordination numbers k33, k33, and k44 clearly exceed
the values of the random distribution whereas the mixed
numbers are found to be smaller than the corresponding
ones of the random case. This fact demonstrates that
atoms of the same hybridization state tend to cluster for
all densities considered.

For a comparison of our results with other simulations
reported in the literature, comprising (1) fully SCF ab
initio MD methods,'? (2) empirical tight-binding MD
methods,'® as well as (3) Monte Carlo (MC) and MD
simulated-annealing (SA) calculations based on the clas-
sical empirical Tersoff potential,}52? the structural data
of correspondingly generated a-C models have been in-
cluded in Table III.

The ab initio results of Galli et al.}? for the low-density
a-C structure show similar chemical bonding properties
as the 2.0 g/cm3 structure analyzed in this paper. The

fractions of about 15% sp® and 85% sp? bonded atoms,
obtained by these authors, may be related to an inter-
pretation of experimental data on a-C films prepared by
evaporation or sputtering,'? but contrast with the consid-
erable fraction of 27% C2 atoms found in our 2.0 g/cm?
model. (The possible origin of these differences has been
discussed in Ref. 16.) Moreover, the graphitelike arrange-
ments of “thick planes” formed by coupled five-, six-, and
seven-membered rings in the structure of Galli cannot be
confirmed by our simulations. We find several coupled
ring clusters including similar portions of five-, six-, and
seven-membered rings which are cross linked and puck-
ered due to the inclusion of sp® atoms in most of these
rings.

The occurrence of C2 atoms in a similar order of mag-
nitude has also been reported by Wang et al.l® using
semiempirical tight-binding MD simulations. In their
analysis, they again find extended 7-bonded regions of
sizes of about 10 A x 10 A, which they call graphitelike
sheets. These regions contain mostly six- and some five-
and seven-membered rings and are bridged by C2 and C4
atoms. The fractions of sp3-bonded atoms obtained from
Wang’s structures are, on the other hand, by a factor of
about 2 lower than the C4 values found in our studies.
The deviations observed should be related to the different
approximation schemes starting from a first-principles
ansatz here and an empirical tight-binding parametriza-
tion in Wang’s paper. These approaches are expected
to work differently if structure formation processes are
concerned where configurations far from equilibrium ge-
ometries have to be evaluated.

For making the comparison more complete we have
also included structural data derived on the basis of the
empirical Tersoff potential using a MC algorithm in the
constant pressure-temperature (N,P,T) ensemble!® as
well as MD SA studies within the (N, V, E) ensemble.2°
Kelires!® reports on three characteristic modifications. In
the 2.0 g/cm® modification designated as e-C (evaporated
a-C) the threefold bonding geometry predominates. The
topology may only locally be characterized as graphite-

TABLE V. Partial coordination numbers for the a-C models and for the corresponding random
distribution structures (denoted as rnd) with given mass density (in g/cm®) and equal composition

of differently coordinated atoms.

Model ki ki; (3 #J)
k22 ka3 kas k23 k24 ka2 k34 ka2 ka3
2.0 a-C 0.86 2.24 0.55 0.89 0.20 0.38 0.38 0.64 2.82
rnd 0.39 2.06 0.49 1.37 0.25 0.59 0.37 0.78 2.75
2.2 a-C 0.67 2.18 1.27 1.00 0.33 0.20 0.61 0.27 2.45
rnd 0.19 2.04 0.91 1.36 0.45 0.28 0.68 0.37 2.72
2.4 a-C 0.44 2.18 1.79 1.33 0.22 0.13 0.69 0.07 2.14
rnd 0.09 2.00 1.15 1.34 0.57 0.13 0.86 0.18 2.67
2.7 a-C 0.00 1.56 2.32 1.50 0.50 0.09 1.35 0.04 1.64
rnd 0.04 1.40 2.06 0.94 1.03 0.06 1.54 0.07 1.87
3.0 a-C 1.26 3.02 1.74 0.98
rnd 0.89 2.82 2.11 1.18
3.3 a-C 0.81 3.27 2.19 0.73
rnd 0.60 3.20 2.40 0.80
3.52 a-C 0.50 3.64 2.50 0.36
rnd 0.29 3.61 2.71 0.39
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like controlled by a random distribution of nonplanar sp?
sites without significant medium-range correlations. This
is opposed to our results in which the structural behavior
and clustering is controlled by the strong 7-bonding na-
ture of the network driving differently bonded atoms to
cluster and sp? sites to align each other. A =-like inter-
action that depends on the angle between free orbitals,
however, is completely missing in the Tersoff concept.2®
In the case of the high-density modification of 3.2 g/cm?®
the Tersoff potential seems to model the overall behavior
of a-C structures more realistically. A more detailed com-
parison of clustering including correlations to the elec-
tronic properties for the structures of Kelires has been
made by Lee et al.?!

An analysis of the electronic properties of MD gen-
erated Tersoff-based a-C structures by Stephan and
Haase?? supports the results of Kelires and proves the
reliability of Tersoff’s concept to realistic simulations
of amorphous carbon by means of electronic structure
(DOS) calculations. All the MD simulated structures
comprising the high-density modifications show a strong
predominance of trigonal sp? bonded atoms. For the
high-density system (3.0 g/cm®) this is in contradic-
tion with recent experimental findings?®2® and with
our results,!* but there is some agreement with the an-
nealed i-C* structure of Kelires (2.9 g/cm?; cf. Table III).
As a consequence of the neglect of m-bonding angular
terms, the m bonds and w-bonded clusters are only cre-
ated at random, hence distinct defect bands emerge near
the Fermi energy Er. This situation counteracts the
physically realistic adjustment of an electronically min-
imized energy configuration. It has been shown?° how
these bands arise from the unsaturated and uncorrelated
atomic orbitals. The weight of these bands decreases un-
ambiguously with decreasing number of the defects, i.e.,
with increasing mass density. Owing to the large num-
ber of defects, all Tersoff-relaxed structures have to be
considered as electronically unstable. These problems
may only be tackled by a proper treatment of under-
coordinated atoms, which is a sophisticated task within
an empirical-potential framework,3! but is naturally in-
cluded in ab initio type simulations.

IV.  BONDING ANALYSIS

To obtain a more profound knowledge about the struc-
ture of w-bonded clusters in our models as well as on

correlations between structural and electronic proper-
ties we have developed a simplified 7-bonding analysis.
Recently,2° this procedure was first applied to structures
produced by MD using the empirical potential of Tersoff.
The main features of the method are as follows.

The first step is to transform the original linear combi-
nation of atomic orbitals (LCAO) basis of s and p atom-
iclike valence orbitals to the local basis of orthonormal
hybrid orbitals which are directed to the nearest-neighbor
atoms. Then for C3 and C2 atoms one obtains free, i.e.,
non-o-bonded, orbitals which can be classified according
to their p characters. This is done in Table VI using a
minimum value of 93% for hybrid orbitals to be denoted
as p-like. (This value is also suitable to distinguish be-
tween sp- and sp?-like C2 atoms.) Free orbitals that fall
below this value are referred to as sp® ones.

Table VI shows the majority of the free hybrids in all
structures to be predominantly p-like, which is the con-
sequence of the fact that the mean bond angle of C3
atoms equals a value near 120°, whereas C2 atoms tend
to become stretched. Both classes of orbitals are treated
equivalently, but it should be kept in mind that the free
sp® hybrids in general produce eigenstates which have
somewhat lower energy compared with the p-like ones.
Having defined the hybrid states of the atoms, two under-
coordinated atoms may be considered as 7-like bonded if
the overlap integral of their free hybrids exceeds a criti-
cal value necessary to create a significant minimum in the
local density of states (LDOS) at an isolated pair of sp?
atoms (0.042 chosen for our LCAO parameters). In the
case of C2 atoms the maximum possible hybrid overlap
is used.

Unlike previously,2° we have included in our analysis
the weak o-like interactions of C3 (or C2) atoms which
have a somewhat too large separation (> 1.8 A) from each
other to form an ordinary bond, but exhibit an inter-
action strength comparable with = bonds. Such weak
or stretched bonds have extensively been discussed for
many years in the investigation of a-Si(:H) (see, e.g.,
Refs. 32-34). The occurrence of carbon atoms which
form weaker bonds (thus becoming fourfold coordinated
atoms including this bond) was recently examined by
Kelires.!5 Because the corresponding atomic distances in
our case belong to a region around a minimum in the
radial distribution function, these bonds in general affect
the electronic properties of our structures only slightly.
For the higher-density structures, however, their influ-

TABLE VI. Number of different kinds of free atomic orbitals and nonbonding 7 states (related
to one atom), and fraction of the nonbonding to the bonding and antibonding 7 states (np/np4x)

as well as of all 7 states to the o states (np4x/no).

Density Non-o-bonded orbitals Unbonded Nonbonding p Tptx
(g/cm®) P sp” sum orbitals w states i e
2.0 1.047 0.102 1.203 0.039 0.086 0.077 0.430
2.2 0.852 0.117 0.969 0.031 0.055 0.060 0.320
2.4 0.719 0.125 0.844 0.008 0.047 0.059 0.267
2.7 0.508 0.086 0.594 0.063 0.078 0.152 0.174
3.0 0.305 0.086 0.391 0.000 0.031 0.087 0.108
3.3 0.211 0.055 0.266 0.047 0.047 0.214 0.071
3.52 0.078 0.047 0.125 0.039 0.063 1.000 0.032
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ence proved to be non-negligible (cf. Sec. V).

The 7 bonds defined in this way are used to estab-
lish m-bonded clusters of atoms. The size and topology
of the clusters may now be investigated. Furthermore,
it is straightforward to proceed with an estimation of
the nonbonding 7 states near Er. Note that the correct
distribution of the nondiagonal Hamiltonian matrix ele-
ments in some cases (e.g., odd-membered chains) has no
influence on the number of the nonbonding states, and in
other cases this influence is roughly described by the cho-
sen threshold overlap value. (This means that the critical
overlap requires a compromise between the residual in-
teractions below this value and the smaller separations
of bonding/antibonding states for larger clusters.) On
the other hand, the eigenvalues of the nonbonding states
are relatively unsensitive to the exact overlap nearest-
neighbor matrix elements. We therefore apply a proce-
dure which is similar to a simple Hiickel theory. First, the
nonbonding states are considered to include all unbonded
atomic orbitals, i.e., orbitals that do not contribute to
any o or m bond. These orbitals produce defect states
which are to be denoted as isolated defects. We then
perform an analysis of the nearest-neighbor bonding ma-
trices of all m-bonded clusters including more than two
atoms. The ranks of these matrices provide the number
of nonbonding states to the eigenvalue E = 0. Hence
these states may appropriately be referred to as topolog-
ical defects. By calculating the ratio of all defect states
to the remaining bonding and antibonding m states, cf.
Table VI, a coarse estimate of the shape of the TDOS
near Er can be inferred.

V. ELECTRONIC PROPERTIES

The electronic properties of the relaxed structures may
first of all be characterized by their total densities of elec-
tronic states (TDOS). For a comparison, in Fig. 3 we
give the results of two methods for the TDOS calcula-
tion. The first is a Gaussian smoothing of the LCAO
eigenvalue spectrum obtained via a simple I'-point ap-
proximation of the cluster eigenfunctions which then have
the full periodicity of the supercell structure (solid lines).
The second procedure is the Haydock recursion method3®®
(dashed lines), which for the used length of the continued
fraction (40 levels) approximates a full integration over
the first Brillouin zone using effectively 719 up to 1331
special k points3%37 for the lower- and higher-density
structures, respectively. The s and p partial TDOS as
well as the summed TDOS can now be obtained from a
summation over various (in our case 15) recursion runs
using randomly chosen initial recursion vectors which are
restricted to the desired orbital types.3® The correct sum-
mation to the TDOS has been ensured by a Lowdin or-
thonormalization of the atomiclike basis orbitals. In this
recursion case, the smoothing has been done by means of
the Gaussian quadrature method.3°

Both methods agree very well except for the low
valence-band edge where some spurious peaks appear in
the recursion DOS and for the o conduction band where
in the LCAO diagonalization case a number of plane

waves have additionally been used to improve the high-
energy part of the TDOS.!® The LCAO I'-point method
has therefore proven to be correct for the used number
of atoms in our supercells. The agreement, however, be-
comes less satisfactory in the low-energy part of the o
valence DOS for the high-density structures. For these
models the applied supercell occupies its smallest vol-
ume and the evolution of sufficiently extended recursion
orbitals into Bloch functions requires even more k values.

In the following, let us discuss the calculated TDOS,

0.20 —
2.0 g/cm®

().1()J

0.00

0.10 4

TDOS “
(states/ 0.00 + T T T
eV atom) J 2.4 g/cm?®

0.104

i

0.20

DOs
ates/
atom)

Energy (eV)

FIG. 3. Total electronic density of states of a-C model
structures. Solid line, LCAO I'-point smoothing; dashed
lines, recursion method (short dashes, summed TDOS;
medium dashes, s partial TDOS; long dashes, p partial
TDOS).
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thereby taking into account our 7 bonding analysis of
Sec. IV. As seen in Table VI, the number of non-o-
bonded orbitals decreases continuously with increasing
mass density. This orbital number equals the number of
states in the 7 part of the TDOS,2° which therefore is
also decreasing. The structure of the m band, however,
approximately follows from the ratio of the nonbond-
ing to the bonding and antibonding states n,/n, (see
Table VI). For the first three models (2.0-2.4 g/cm?3)
Np/nx is very small, which describes the appearance of
distinct bonding and antibonding 7 bands enclosing a
strong pseudogap. Because this ratio does not differ very
much in all three cases, the number of states in the 7
bands and immediately near EF decreases nearly in the
same order. This obviously correlates with the fact that
the number of the C3 atoms is nearly constant in these
structures, since the enlargement of the C4 fraction is
compensated by the diminishing of the C2 atoms. These
latter atoms mainly give rise to isolated defects or pairs
of m-bonded orbitals; hence their reduction tentatively
decreases the number of defects as well as of the bonding
and antibonding states. As a result, which is addition-
ally affected by a partly reverse behavior of the topolog-
ical defects, a slight decrease in the ratio ny/n, is ob-
served. Increasing the density above 2.4 g/cm3, the C3
content drops giving rise to a strong further reduction
in the bonding and antibonding states, but obviously to
a much less variation in the defect density. As a con-
sequence, the relative number of defect states near Er
is now growing. Finally, in the high-density structures
defect maxima clearly appear at Er while the = bands
tend to vanish. For these structures the relative number
of weak o bonds, which are additionally included in our
m-bonding analysis (cf. Sec. IV), is growing as well. This
effect leads to an exception from the just stated rule for
our 3.0 g/cm?® structure. Here a few weak o bonds are
formed which partly saturate a number of otherwise cre-
ated defect states. The resulting structure is character-
ized by a very low defect concentration, which indicates
the possible stability of such high-density highly tetrahe-
dral amorphous carbon modifications (ta-C).

To further clarify this discussion we have depicted the
distribution of the size of the r-bonded clusters in Fig. 4.
First of all, one sees a steady decrease in the size of the
larger 7 clusters passing from the low- to the high-density
structures. This follows from the continuous growing of
the C4 content. For the lower-density structures (upper
panel of Fig. 4), however, one has also to remember the
compensating effect of the C2 decrease which makes the
7 clusters more compact. As stated above, this decrease
is additionally reflected by the diminishing of one- and
two-atomic m groups which are mainly formed by isolated
or paired second hybrid orbitals of C2 atoms. After van-
ishing of the C2 part, the number of C3 atoms decreases
leading to a strong further reduction of the cluster size
(lower panel of Fig. 4). On the other hand, the num-
ber of isolated defects and paired orbitals attains a new
maximum which results from the destruction of larger
clusters. For the high-density structures, eventually, all
7 clusters become small. In particular, the large rela-
tive number of sp?-sp? pairs, producing double bonds,

18
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FIG. 4. m-cluster size distribution in a-C models with vari-
ation of mass density. (The notation z/y relates to clusters
consisting of z up to y atoms. The full triangle denotes a
percolating 7 cluster.)

and the complete missing of isolated unbonded orbitals
in the 3.0 g/cm? structure again support the good elec-
tronic quality of this material.

Keeping these results in mind, we have investigated
the average nearest-neighbor distance between underco-
ordinated atoms (Fig. 5, solid line) in correlation with
the mean values of the overlap integrals between neigh-
boring unsaturated orbitals. The break from the C2 to
the C3 decrease can also be seen here. In the first three
structures the reduction in the C2 content leads to a satu-
ration of the second free orbitals of these atoms and, con-
sequently, to a diminishing of very short triplelike bonds
(cf. the bond-length distribution in Fig. 2). The average
distance, therefore, grows to a maximum at 2.4 g/cm3

-0.060
1.441
1.42+
0.065
average average
distance 1 40} overlap
integral
0.070
1.381
1.36
40.075

20 22 24 2.6 28 30 32 34 3.6
mass density
(g/cm?)

FIG. 5. Correlation between mean nearest-neighbor dis-
tances of undercoordinated atoms (solid line) and mean val-
ues of overlap integrals between unsaturated orbitals (dashed
line) as a function of mass density.
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where the minimum of the relative number of two-orbital
clusters is reached. (This tendency is described by the
values in the last row of Table I.) Related to this be-
havior, the average overlap integral attains its minimum.
Increasing the density further now gives rise to a growing
of the relative number of sp?-sp? double bonds, which be-
comes maximum at 3.0 and 3.3 g/cm3. For that reason,
the average distance drops to its minimum. This fact
corresponds with the maximum overlap thus indicating
that smaller 7 clusters distributed in the sp® matrix are
able to form strong m bonds as the result of minimizing
the stress in such systems. Finally, our diamond-density
structure is characterized by a high relative number of
isolated and topological defects (three-atomic 7 clusters)
which again change the slope of the curves. The remark-
able correlation found between the average distance and
the mean overlap integral is a consequence of the similar
angle distributions between unsaturated orbitals in all
structures, which because of the 7 interaction is peaked
at 0° (and 180°).

We are now in a position to return to our total den-
sities of states in Fig. 3 discussing the gaps between «
states in more detail. In Fig. 6 we have depicted the
separation between the Fermi energy Fr and the maxi-
mum of the bonding 7 band EF** (dashed line) as well
as between Er and the highest occupied 7 level EFOMO
(solid line). This latter state has approximately been de-
termined by counting down half of the nonbonding states
from Ep. The different clustering behavior at different
densities is again reflected in this diagram. First, we
discuss the consequences of the decreasing cluster size
going from the low- to the high-density structures. Since
the 7 clusters in our models only contain very few rings,
their topology is essentially quasilinear. (This term cor-
responds to the cluster description in the drop model of
the percolation theory thinking of clusters with ramifica-
tion 1.4041) Within such topologies the decreasing clus-
ter size yields a narrowing of the separation between Ep
and EP2*. On the other hand, larger clusters in general
have smaller HOMO-LUMO gaps, a fact which drives the
Ep — EHOMO yalue to increase in the given succession of
densities.

5.01 cluster size (topology) cluster size (topology)
+ overlap distribution : ~ overlap distribution
X
4.0 N
N
"%
\ Ep - E™
energy 3.0 \ o mm = x
Xmmm =
(eV) \ .
\ -
S
2.0+
HOMO
Ep — B
1.04
cluster size cluster size
o — overlap distribution + overlap distribution

0 —r A
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
mass density

(g/cm?)

FIG. 6. Variation of energetic separation between Er and
the maximum of the bonding = band (dashed line) and be-
tween Er and the highest occupied 7 level (solid line).

Now these effects are superimposed by the changes in
the overlap integral distribution, which originates from
the aforementioned distance distribution between under-
coordinated atoms; cf. Fig. 5. For the lower-density
structures up to 2.4 g/cm® the overlap distribution has
increasing weights on smaller overlap integrals which
affects both curves in Fig. 6 to decline. The cluster
size influence on Er — EP®* is therefore strengthened,
but partly compensated for Ep — EHOMO  Considering
the higher-density structures up to 3.3 g/cm3, this ef-
fect reverses because the overlap distribution tends to
make both curves in Fig. 6 increase. In this situation
the effect of the decreasing cluster size is supported on
Ep — EHOMO byt almost compensated on Ep — EM2x,

Summarizing this discussion, the lower-density struc-
tures are characterized by a strong decrease of the separa-
tion between the maxima of the m bands, whereas in the
higher-density structures the HOMO-LUMO 7 gap in-
creases. These gaps, given for comparison in Table I, at-
tain maximum values 2 3 eV. Accompanied by a very low
defect concentration, the 3.0 g/cm? structure forms one
of the minimal-energy configurations of the models con-
sidered. This is in agreement with recent experimental
results on ta-C thin film structures®2® and verifies the
stability and high sp3 fraction of these materials, hence
becoming promising candidates for doping and electronic
applications. As the main sources that determine the
large band gap in ta-C, the m-bonding cluster size reduc-
tion with increasing density (cf. Fig. 4) and the ability
of the m bonds to highly relax under the constraint of
the rigid bonding environment have to be regarded as
two supporting mechanisms. The dominating part of the
m clusters in the 3.0 and 3.3 g/cm3 ta-C structures is
formed by sp? pairs which causes both curves in Fig. 6 to
approach. The diamond-density structure, on the other
hand, is dominated by isolated defects and a few three-
atomic clusters that produce a very large # — n* gap
(Table I), but also a relatively high defect concentration.
The total depletion of the 7 states, however, overcompen-
sates the growing of the defects causing this structure to
be the minimal-energy modification of the present work.

VI. LOCAL ELECTRONIC
DENSITIES OF STATES

The w-bonding analysis of Sec. IV is based on the as-
sumption that the essential contributions of the atoms
to the total density of states near Er may be estimated
by the topology of n-like bonded clusters, the bonds of
which exceed a critical overlap of the basic free hybrid or-
bitals. The states at Er are classified either according to
the isolated occurrence of such orbitals as isolated defects
which only slightly interact with neighboring hybrids or
they are topological defects originating from nonbonding
states of at least three-atomic clusters.

To verify these assumptions, we have calculated the
local densities of states at numerous atoms of the struc-
tures. These calculations were performed by means of
the recursion or continued-fraction method, which was
already used in Sec. V to determine the TDOS of the
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models. The LDOS projected on some chosen atomiclike
orbital |¢,),

n,(E) Z [(oul$:) 6 (E - &)

1 .
= “;Im(‘PM’(E - H)-1|‘Pu>

(sum over all eigenstates [1;) with eigenvalues ¢;), is de-
rived by setting the starting orbital of the recursion equal
to |pu). For a sufficiently accurate LDOS picture we
again applied the Gaussian quadrature approach3® using
50 recursion levels and 1000 special k points.

In Figs. 7-10 we give examples of these calculations
for various representative atoms. These results agree
with and supplement our previous study.2’ Let us start
our discussion with certain C3 atoms which possess one
free orbital to participate in n-like bonds. The atom in
Fig. 7(a) does not contribute to any such bond because it
is only surrounded by C4 atoms leading to negligible over-
lap to other free hybrids (the maximum overlap here is
0.001, p character 100%). This atom represents an ideally
isolated p defect. On the other hand, a sufficiently well-
relaxed “doublelike” bond with overlap (0.076) near the
center of the m-overlap distribution is shown in Fig. 7(b).
In spite of the rather distorted local geometry giving rise
to one sp” free hybrid at the calculated atom and one
p-like orbital at the neighboring site (p characters 86%
and 93%), this isolated bond produces clearly separated
bonding and antibonding states at both atoms of the
bond. An analogous picture can be seen in Fig. 7(c), but
this LDOS provides an example for an atom that par-
ticipates in a weak o bond (the bond length is 1.97 A;
see Sec. IV). Here the formation of an ordinary bond
has not been favored because of the strong local distor-

| VR g
LDOS 0.20 7

(states/ -
eV atom) ¢ 10 d

Energy (eV)

FIG. 7. Local densities of states for selected C3 atoms
(short-dashed curve, s partial LDOS; long-dashed curve,
p partial LDOS). The arrangement of neighboring atoms
around the calculated atom, which is indicated by an arrow,
is also sketched in each panel.

tion that would emerge closing a four-membered ring.
In other cases, there are higher-membered rings which
tend to close over the weak bond. Considering Figs. 7(b)
and 7(c), there is no qualitative difference between the
gap regions of both figures apart from a somewhat larger
bonding-antibonding separation in the latter LDOS due
to the stronger overlap (0.104).

Figure 8 exhibits the simplest case of a cluster that pro-
duces a topological 7 defect: the three-atomic 7-bonded
chain. For nearly equal energies of the atomic free hy-
brids a defect state appears that is centered at the two
outermost atoms. Hence this defect can be seen in the
LDOS at these latter atoms [Fig. 8(b)], but not in the
LDOS at the center of the chain [Fig. 8(a)]. A more com-
plicated example of atoms that interact with very differ-
ent strength is given in Fig. 8(c). By our definition of 7
bonds, the atom in this picture is considered as isolated
giving rise to the strong peak at Ep. The overlap to one
isolated neighboring atom (0.030) is somewhat below our
limiting value for m bonds. The peak therefore slightly
splits into two components. Additionally, there is a sec-
ond neighboring atom (overlap 0.041) being a member
of a strong double bond. The tails of the states related
to this bond, slightly enhanced by the weak four-atomic
configuration, are clearly seen beside the central peak in
Fig. 8(c).

The LDOS pictures in Fig. 9 describe the interest-
ing case of a five-atomic chain with additional triplelike
bonds at the ends of the chain. First of all, there is a
topological defect having weights at the central and the
outermost atoms. The C3 atom at the center, however,
possesses a free sp® (here sp?-38) hybrid with very large
(30%) s character, which is indicated by the large s part
of the peak at Er in Fig. 9(a). All other atoms of the
chain are twofold coordinated. The bonding and anti-
bonding w-like states at these atoms are therefore aug-

LDOS
(states/
eV atom)

Energy (eV)

FIG. 8. Local densities of states for selected C3 atoms.
The meaning of the dashed curves and of the local-geometry
sketches is the same as in Fig. 7.
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Energy (eV)

FIG. 9. Local densities of states for selected C3 atoms.
The meaning of the dashed curves and of the local-geometry
sketches is the same as in Fig. 7.

mented by the superposition of delocalized chain states
and other more localized states created by the second free
hybrid orbitals [Figs. 9(b) and 9(c)].

For the sake of completeness, let us briefly discuss ex-

amples of C2 and C4 atoms. In the upper panel of Fig. 10

we have chosen a C2 atom which is only 7-like bonded
by its free pure p orbital. This orbital contributes to
a 7 cluster in an analogous way as described for the
C3 atoms. In our case, the bonding and antibonding
states near Ef are created. The unbonded hybrid or-
bital (sp?!®, 31% s) produces, however, the sharp peak
at Er, which again is characterized by a very large s

0.10 A

0.00

LDOS 0.20 1
(states/ 8
eV atom) ¢ 04

\

0.00

Energy (eV)

FIG. 10. Local densities of states for a C2 (a) and two
C4 atoms. The meaning of the dashed curves and of the
local-geometry sketches is the same as in Fig. 7.

part. C4 atoms, on the other hand, attain a formally
complete chemical bond saturation and, in general, pro-
duce a distinct minimum LDOS region around Ep. Fig-
ure 10(b) shows a well-relaxed atom (standard deviation
of the bond angles Ay = 4.3° and of the bond lengths
Ar = 0.019 A). With increasing deviations from the di-
amondlike short-range order, however, and additionally
affected by interactions with free orbitals of neighboring
atoms, the maximum of the o valence band often shifts to
higher energies and the gap region fills by tails and cer-
tain small peaks [Fig. 10(c): Ay = 14.2°, Ar = 0.058 A].
These results agree with earlier tight-binding investiga-
tions on the effects of bond-length, bond-angle, as well as
dihedral-angle disorder,*? and with recent calculations on
fourfold-coordinated random network models*® for which
a notable density of states has emerged in the gap region
with increasing off-diagonal disorder.

VII. CONCLUSION

We have applied a semiempirical molecular-dynamics
density-functional approach for investigation of the
atomic as well as electronic structure of amorphous car-
bon a-C systems. The models with mass densities ex-
ceeding 3.0 g/cm® have been determined to be the most
stable modifications under the given set of simulation
conditions. These density values in correspondence with
high fractions of sp® bonded carbon atoms (64-88%),
are close to the results for highly tetrahedral amor-
phous carbon ta-C, obtained experimentally by vacuum
arc and mass-selected ion beam deposition.!™® Though
some experiments? report on higher sp® fractions even
for structures of about 3.0 g/cm3 (cf. Table III), theo-
retically simulated diffraction data compared with elec-
tron diffraction results?® suggest that the theoretically
obtained lower values are probably more realistic to de-
scribe the deposited films correctly.

As an important characteristic affecting the stability
of the generated models, the electronic density of states
behavior within the gap region has been discussed in
terms of global electronic parameters such as the HOMO-
LUMO 7 — n* band gap and the relative weight of the
defect states. These properties are controlled by the
size and topology of various m-bonded clusters which
have been investigated by a simple w-bonding analysis.
Whereas the 7 clusters at the lowest mass density perco-
late through the system forming the matrix with incor-
poration of cross-linking sp? sites, the smaller clusters at
densities > 3.0 g/cm?® are embedded within the rigid sp®
bonding environment. The stress in these high-density
amorphous networks is reduced by the preferred forma-
tion of m bonded sp? pairs giving rise to maximum mean
p-orbital overlap values. As a consequence, in these mod-
els being in agreement with experimental results large
7 — 7* band gaps of about 3 eV are created. Moreover,
the 3.0 g/cm® model is additionally characterized by the
lowest number of defects. This is very hopeful for fu-
ture doping investigations and verifies the structural and
electronic stability of such films. On the other hand, no
substantial aromatic clustering has been observed at any
density.
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The defect states near Er have been classified accord-
ing to their molecular formation as isolated defects or
topological ones. A striking feature which strongly in-
fluences the defect creation within our low-density struc-
tures is the relatively high number of twofold coordinated
atoms. Investigations based upon an improved and more
extended relaxation scheme give evidence of a reduction
of this C2 part. These calculations are now in progress.*4

Coordinates of the models discussed in this paper are
available upon request.*®
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FIG. 1. Computer images of a-C supercell structures with variation of mass density: 2.0 (a), 2.4 (b), 2.7 (c), 3.0 (d), 3.3 (e),
and 3.52 g/cm® (f). Green spheres denote twofold and threefold coordinated atoms, blue spheres denote fourfold ones. Open
circles refer to atoms in the neighboring supercells. For convenience (e) and (f) have been enlarged as compared with the first
ones by a factor of 65/60.
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FIG. 1 (Continued).
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FIG. 2. Bond-length histograms of a-C models with dif-
ferent mass densities p. Furthermore, the fractions of C2-C2,
C3-C3, and C4-C4 bonds related to all bonds within the mod-
els are also shown.



