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Abstract

A series of tetrahedral amorphous carbon structures with different microscopic mass densities was generated by calculations
based on the density functional theory with a local density approximation and using a method of melting–cooling cycles. A
detailed investigation of the properties of the simulated structures has been carried out. Particularly, the short-range order, nearest
neighbour distances, fractions of sp1, sp2 and sp3 sites, average CMCMC bond angles and electronic density of states have been
analysed. The simulated structures and calculated properties are in good agreement with those obtained by others and with the
experimental data. An unexpected observation is the presence of planar structures, which are typical for graphite, in the sample
with low density. In addition, the nearest neighbour distance in the sample with mass density 3.54 g/cm3 is different from those
reported previously. Possibilities to compare the density of states obtained from the simulations with the experimental results
from scanning tunnelling spectroscopy and X-ray near edge spectrum are discussed. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction The extraordinary electronic properties of ta-C and
the predicted advantages for high frequency and high

The importance of tetrahedral amorphous carbon power electronic applications have initiated significant
(ta-C) has been suggested by reports of its unique interest in making ta-C based electronic applications.
mechanical [1] and electronic properties [2–4]. Another attractive field is high temperature electronics.
Depending on the way it is formed, the ta-C can be The ta-C could have significant advantages over conven-
electrically conducting, or semiconducting. Other prop- tional materials such as GaAs, primarily because it has
erties of the ta-C include heat and radiation resistance, low junction current leakage and exhibits complete
optical transparency over a wide spectral range, chemical channel current pinch-off and modulation [5,6 ]. Based
inertness and low or negative electronic affinity. The on the above, the ta-C could provide a new material for
most dramatic progress and success of the mechanical many electronic applications, such as microsensors for
applications have involved the ta-C coated cutting tools hostile environments, heat sinks for high power electron-
and moving parts of machines. Environments where ics, thin flat-panel displays or cold cathodes based on a
they are used are often hostile, components are required field-emission, and faster, more powerful transistors and
to withstand drastic wear, and abrasion resulting from circuits that could operate at gigahertz speeds. Many of
sliding and turning. Clearly, hard and smooth protective these applications need extensive study to meet the
ta-C coatings would increase the lifetime of the parts requirements of the applications with significant market
against erosion. Further, the decreased need for frequent

potential.
servicing would substantially reduce costs associated

The random tetrahedral networks formed by thewith the machine maintenance.
amorphous silicon and amorphous germanium that are
completely tetrahedrally bonded, i.e. sp3 hybridised, can
be modelled with the so-called tetrahedral glass model* Corresponding author. Fax: +358-8-5532728.
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dral networks, the ta-C structures have at least 10% of seven-membered rings was smaller than previously.
These ring structures gave the network an unusualsp2 sites, i.e. three-fold coordinated atoms. Therefore,

the TGM cannot be applied to model ta-C, and so far, topology. The observation that the sp3 fraction increases
at faster quench rate was clearly demonstrated [26,27].despite the progress of computer simulated models

during recent years, there is no generally accepted struc- In a recent work by Schultz and Stechel [28] it was
shown that a minimum basis set is inadequate to negoti-tural model for ta-C.
ate breaking and making bonds while relaxing the
structure. Therefore, a high quality basis set must be
used in calculations.2. Current state of simulations

Structural properties of the ta-C have been calculated
using empirical interatomic potentials [8–10]. These 3. Computational methods and analysis
calculations suggest that the sp3-bonded form of ta-C
has considerably higher energy than the sp2-bonded In this paper, we present a systematic study of the

correlation between electronic DOS, short-range order,form. In addition, microscopic mass density and bond
distances have been successfully modelled [11]. Using sp2/sp3 bond ratio and average bond angles of simulated

ta-C structures. A series of ta-C structures with differentthis relatively simple approach, Kaukonen and
Nieminen [12] predicted that deposited ions with ener- microscopic mass density was generated by running

molecular dynamics for a melting–cooling cycle andgies of 40–70 eV result in the highest sp3 fraction.
However, it has been shown experimentally and theoreti- using the density functional theory (DFT) with a local

density approximation (LDA) [29,30]. The Harris func-cally that higher ion energies, up to 500 eV, are needed
to produce ta-C films with a high (~75–90%) sp3 tional formalism was used to evaluate the energetics for

molecular dynamics. It offers a fast algorithm for evalua-fraction [13–16 ].
Fraunheim et al. [17–19] used both purely empirical tion of forces from DFT [31]. The time limiting step in

the Harris functional approximation is the solution ofpotentials and semi-empirical tight-binding (TB)
schemes in their hybrid density functional non-ortho- a one-particle Schrödinger equation. However, com-

pared with the full Kohn–Sham formalism [29], onlygonal TB method. They concluded that the sp3 fraction
of the ta-C increases as the density increases, reaching one solution is needed for a given set of nuclear loca-

tions. This speeds up the calculation roughly equal toa maximum, 88%, at density 3.5 g/cm3. In addition, the
fraction of p states in the density of states (DOS) lowers the number of iterations required for energy expression

in the Kohn–Sham formalism to become self-consistent.considerably as the mass density increases.
One of the first attempts to calculate the electronic All simulations were carried out using commercially

available software [32].structure, DOS and structure of ta-C was made by
Robertson and O’Reilly [2]. It was shown that the The initial configuration of atoms was a simple

periodic cubic lattice with diamond structure. A unitpresence of sp3 sites was insufficient to produce an
optical band gap. cell with 64 atoms was chosen to allow comparison with

work carried out by others. The density of the sampleWang et al. [20–23] used an orthogonal tight-binding
molecular dynamics (TBMD) scheme in which electronic was controlled by choosing the lattice constants. We

chose sample densities from the typical graphite density,structure effects were incorporated through the TB
parameterisation to study structural and electronic prop- 2.0 g/cm3, to the experimental diamond density,

3.54 g/cm3. The initial lattice structure was melted byerties of the ta-C. This reduced the number of required
atomic orbitals per atom and allowed a larger number raising the temperature, within 100 fs, from 300 K to

6300 K. At 6300 K the samples became completelyof the atoms to be treated in calculations. Structures
with the high sp3 fraction were generated using high liquid, as confirmed by calculating the radial distribution

function (RDF) of the samples. At this state the liquidmass densities, such as 4.4 g/cm3, which were later
rescaled to lower values. was equilibrated for 10 fs in order to ensure a completely

molten state. After equilibration, the sample wasA local orbital ab initio method and 64 atom unit
cell were applied by Drabold et al. [24,25] to study ta-C. quenched back to 300 K within 100 fs. After quenching,

the structures were further equilibrated for 50 fs. SeveralThey generated a ta-C structure with a density of
3.0 g/cm3 and found an sp3 fraction of 85% and a defect- runs were completed with similar simulation conditions

in order to ensure the reproducibility of the results. Wefree 2 eV band gap.
In recent papers, Marks et al. reported the first full chose to use a quench rate of 1015 K/s in order to make

our results comparable with those obtained by others.ab initio MD calculations completed for ta-C [26,27].
Simulations show the presence of the three- and seven- The radial distribution function g(r) provides useful

information about the simulated amorphous networksmembered rings. The presence of three-membered rings
was reported for the first time. In addition, the number which can be compared with the experimental data. It
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is defined by

g(r)=Tr(r)

r
0
U (1)

where r(r) is the density of neighbouring atom centres at
a distance of r from an atom, r0 is the overall density
and the average, 
 �, is evaluated over all atom centres
in the system. The coordination number was determined
counting all neighbouring atoms within the distance
1.75 Å. This definition is used throughout the rest of the
paper, in particular where hybridisation is considered.

4. Results

In Fig. 1. we show the final annealed structure with
mass density of 2.0 g/cm3. We see that the structure
contains mainly planes of chains which are weakly cross-
linked. This planar structure is typical for graphite and
is not observed in the samples with mass density higher
than 2.3 g/cm3.

The nearest neighbour distance, shown in Fig. 2, is
determined by the first peak in the RDF. It increases
from 1.41 Å, reaching a plateau value of 1.5 Å, with the
mass density higher than 2.7 g/cm3. These values are
close to the tabulated CMC graphite and diamond bond Fig. 2. Top: average nearest neighbour distance as a function of mass

density. Two insets show typical radial distribution functions of thelengths, 1.426 Å and 1.541 Å, respectively. At the mass
samples with mass density of 2.0 g/cm3 and 3.54 g/cm3. The error barsdensity of 3.54 g/cm3, we observed slightly shorter near-
show the standard error of mean of several samples. Bottom: averageest neighbour distances. The two insets show typical bond angles (%), sp ($), sp2 (+), and sp3 (n) fractions as a function

RDF curves at mass densities 2.0 g/cm3 and 3.5 of mass density.
4 g/cm3.

The mass densities of the amorphous networks with
corresponding CMCMC bond angles and sp1, sp2 and
sp3 contents are also represented in Fig. 2. We note that
the average bond angle decreses from 117° to 110° as
the mass density increases. The average bond angle of
the sample with mass density of 2.0 g/cm3 is slightly
smaller than in the graphitic honeycomb lattice, while
the average bond angle of the sample with the highest
density is very close to the tetrahedral bond angle, i.e.
109.47°. The bond angle distributions, not shown here,
were broad, ranging from 80° to 140°. The two-fold
coordinated, sp1, atom content deacreses along with the
three-fold coordinated, sp2, atom content with increasing
mass density. Although the sp1 content decreases and
the sp3 content increses almost linearly, we see non-
linear behaviour in the change of sp2 content. At mass
density 2.5 g/cm3 the increase in sp2 content may indicate
cross-linking of the chain structure which was not pre-
sent in the samples with lower mass density.

We also evaluated the DOS of the samples. In Fig. 3,
we show the calculated DOS for the selected mass
densities. In addition, the experimental X-ray absorption
near edge structures ( XANES) for highly oriented pyro-Fig. 1. Low-density structure of ta-C (2.0 g/cm3). Note the planar

structures that are typical for graphite. lytic graphite (HOPG) and diamond-like carbon (DLC)
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and the sp2/sp3 fraction, which clearly show how the
properties of the simulated structure undergo trans-
formation from the typical graphite values towards the
typical diamond values. The nearest neighbour distance
also shows a similar trend. The smaller value of the
nearest neighbour distance at mass density 3.54 g/cm3
is not surprising, since compared with perfect diamond
crystal, a simulated amorphous network was generated
using a fast cooling rate. Therefore, the atoms had no
time to find locations that are energetically most favour-
able. The observed sp3 fraction is also somewhat smaller
than the experimental ones. This may originate from
the fact that in the real thin film deposition there is a
high-energy particle bombardment initial to the film
surface, which causes internal stress in the growing film.
The internal stress in the growing film enhances the
sp3 bonding of the atoms [13,33].

Let us now turn to the investigation of the electronic
properties of the calculated structures. The structural
properties of the theoretically calculated ta-C networks
show that with increasing mass density the generated
structures maintain properties that are more diamond-
like. In Fig. 3, we show the DOS of the calculated
structures together with the XANES spectra from
HOPG and DLC thin film with sp3 fraction of 77%.
The Gaussian broadening with a line width of 0.5 eV is
used for smoothing. The XANES spectra have been
shifted in energy by 284.4 eV, which is the binding
energy of the C1s photoemission, to model the conduc-

Fig. 3. Calculated DOS for the selected mass densities and experimen-
tion band DOS.tal XANES [13] from HOPG and DLC thin film with sp3 fraction of

The electronic properties of the ta-C structures are77%. The Fermi level is located at 0 eV. The XANES have been shifted
controlled by p and p1 states, which lie close to thein energy by 284.4 eV, which is the binding energy of the C1s photo-

emission, in order to model conduction band DOS. Fermi level, whereas the mechanical properties are con-
trolled by s and s1 states. Therefore, we are mainly
interested in the p and p1 states. With the increasing

thin film with sp3 fraction of 77% are shown. The Fermi mass density, the fraction of the p states lowers signifi-
level is set to 0 eV. In the sample with mass density cantly. At mass density 3.54 g/cm3, the p states have
2.0 g/cm3 we find clear p1 state at the bottom of the faded away, leaving only two band gap states, which
conduction band, and as the mass density increases the are typical of amorphous networks. These findings are
p1 state fades away. In the sample with mass density in good agreement with experimental results [13], which
3.54 g/cm3, we find a clear band gap with two gap states, showed that the relative intensity of the excitation from
which are typical for highly amorphous structures. We the ground C1s to the p1 state decreases with increasing
find interesting similarities between the calculated DOS sp3 fraction. The C1s�p1 and C1s�s1 excitation
and the experimental XANES spectra. The excitations observed in the XANES from HOPG (Fig. 3) compares
from the ground C1s to the p1 and s1 states in the well with the p1 and s1 states in the calculated DOS of
XANES spectrum from HOPG compare well with the the sample with mass density 2.0 g/cm3. The C1s�p1

p1 and s1 states in calculated DOS of the sample with excitation in the XANES, however, does not correspond
mass density 2.0 g/cm3. The XANES spectrum from the directly to the density of p1 states, since its lower edge
DLC thin film with sp3 fraction of 77% also has remark- is excitonically enhanced [2–4]. Also, the XANES from
able similarities to the calculated DOS of the sample DLC with sp3 fraction of 77% compares well with the
with mass density 3.0 g/cm3. calculated DOS of the sample with mass density

3.0 g/cm3. The small shift of transitions in the XANES
towards the Fermi level is most likely due to the excitonic

5. Discussion effect described above.
In the low density limit sample (see Fig. 2) we see

The simulated structures are in good agreement with planar ring structures that are typical of graphite. As
the density increases above 2.3 g/cm3, these planar ringexperiments, particularly with regard to the bond angle
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structures are no longer observed. Equally, in the DOS Edistämis säätiö and Finnish Cultural Foundation. All
simulations were run on computers at the Center forof the low density limit sample we see clear p1 states,
Scientific Computing (CSC, Espoo, Finland) underwhich fade away as the density decreases. Hence, we
Research Project oy1106.believe that in ta-C, disordered graphite-like planar ring

structures give rise to p states as expected.
We are currently starting surface DOS calculations
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