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The formation of different kinds of carbon structures have been studied by means of
molecular dynamics simulations. Using these methods the amorphous structures were
usually generated by quenching from different liquid configurations so far. It is not so
common experimental method for the preparation of amorphous carbon. We have devel -
oped a tight-binding molecular dynamics approach for simulating the growing procedure
of the amorphous carbon structure. Our computer simulation method was similar to the
atom-by-atom deposition on a substrate. The amorphous structures with fivefold, sixfold
and sevenfold rings were obtained on diamond (111) surface.

C moMoImbi0 MOZEINPOBAHUA METOLAMH MOJIEKYJAPHON AMHAMHKU HCCJIELOBAaHO 06paso-
BaHNE PA3JIMUHBIX TUIOB CTPYKTYDPHI yriepoza. IIpm mcmoiab3oBaHMU 3THUX METOZOB aMopd-
HBIE CTPYKTYDPBHI IO CHUX IIOp OOBIYHO T'€HEPUPOBAJM NIyTeM 3aKaJUBAHUSA N3 PA3JIUUHBIX
KUOKUX KoHQurypanuii. Takoll sSKCIepUMeHTAJbLHBIN METOJ MOJYyYeHUA aMOPGHOTO yIaepo-
la He HMeeT IIWPOKOro pacunpocrpaHeHud. Hamm paspaboTaH HOAXOX K MOJEJIMPOBAHUIO
nmpomecca pocta aMOpPGHOH YIJIEepOAHOH CTPYKTYPHI B PaMKax MeTOJa MOJIEKYJISAPHON AWHA-
MUKU C KCIOJH30BaHWEM NPUOIMIKEHUSA TECHOTO CBA3BIBaHUA. Pas3paboTaHHBIA MeTOH KOM-
IIBIOTEPHOTO MOJEJIVNPOBAHUSA IOJ00EH IIOCJIeL0BATEIBHOMY OCAKIEHHUIO OTJEJbHBIX aTOMOB
Ha momyokKy. Ha moBepxuoctm (111) asmasa mosydueHBI aMoOpdHEBIE CTPYKTYPHI C IATHU-,
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IIeCTHU- U CEMUUYJIEHHbBIMU ITUKJIaMHU.

1. Introduction

Different methods are used for prepara-
tions of a—C films. The ability of carbon
atoms to have sp3, sp2 and sp bonding con-
figuration leads to a large variation in
structure and in electronic properties. In
amorphous form of carbon one of the most
important parameter is the sp2:sp3 ratio
which basically determines the electronic
density of states. Considering the conduc-
tivity which is in a connection with atomic
and electronic structure, these wvarious
methods produce a wide range for macro-
scopic parameters of a—C film.

Several electron and neutron diffraction
measurements were employed on a—-C sam-
ple in order to determine the atomic ar-
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rangement. The first well-know experiment
was carried out on an evaporated sample
using electron diffraction by a Japanese
group [1]. On base of the measured data
they proposed a microcrystalline model of
amorphous carbon structure, consisting do -
mains graphitic and diamond-like regions.
A neutron diffraction was employed on
anomalous a—C sample [2] in order to deter-
mine the atomic arrangement and to decide
whether the structure has a temperature de -
pendence or not [3]. The sample was pre-
pared by arc-evaporation of graphite rod
under a pressure of 1076 atm.

2. Structural modelling

There are two main possibilities for
structural modelling. The first one is the
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Monte Carlo (MC) type method. Metropolis
et al. were the pioneers of this kind of com -
puter simulations [4]. Recently a new ver-
sion of this method — the so-called Reverse
Monte Carlo simulation — has been devel-
oped by McGreevy and Pusztai [5], which is
convenient for investigation of amorphous
materials. It is based on the results of dif-
fraction measurements. The algorithm is
quite simple and very similar to standard
Metropolis Monte Carlo technique [4]. The
method starts with an initial three dimen -
sional configuration. A new configuration is
generated by a random displacement of a
randomly chosen particle. The new radial
distribution function g(r) and/or structure
factor S(®) is calculated. In the following
step g(r) and/or S(Q) are compared with the
experimental result for the system that is
being modelled using a standard chi test. If
chi2 < chil the new configuration is ac-
cepted, otherwise it is accepted with a prob -
ability that follows a normal distribution. If
the new configuration is accepted it be-
comes the starting configuration, otherwise
the old configuration is retained. This proc-
ess is then repeated until chi converges in
g(r) and/or S(Q) level i.e. we reach equilib-
rium. This method was applied for con-
structing large a—C and a-Si models [6].

Second, the Molecular Dynamics (MD) is
an other useful tool for describing non-crys -
talline systems when the use of the tradi-
tional techniques is difficult. The Newton
equations of motion can be solved for a
small time interval if the interaction poten -
tial and the position of N particles are
given for the last points of time. To inte-
grate the MD equations of motion the Ver-
let algorithm [7] is usually used with time
step equal to about a fentosecond. The new
position of a given particle is:

r(t + At) = 2r(t) — r(t — At) + a(t)At2 + O(AtY) .

The motion of the particles is followed
by repeating this procedure. By MD the dy -
namics of the systems can be followed,
therefore it is useful to model fundamental
phenomena like growth from vapor phase to
a surface. In MC and MD cases the crucial
point is the applied local potential. In our
calculations MD simulation was performed
with the tight-binding Hamiltonian of Xu,
Wang, Chan and Ho [8] for carbon systems.
All the parameters and functions of this
method were fitted to the results of local
density functional calculations for graphite,
diamond and linear chains.
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3. Models and Method

We consider three types of structural
modelling that have been applied to amor-
phous carbon. Beeman et al. constructed
four models containing different numbers
of carbon atoms and proportions of sp2 and
sp3 sites [9]. These random network models
contain 1120, 340, 356 and 519 carbon
atoms. Odd membered rings can be found in
each structure. Galli and her co-workers
constructed an amorphous carbon structure
with a computer simulation [10]. They car-
ried out a first principle Molecular Di-
namics simulation for 54 atoms using
2.0 g/cm3 of macroscopic density. The in-
teratomic potential was constructed from
the electronic ground state treated with den-
sity-functional techniques. The model was ob -
tained by rapid cooling of liquid carbon.
Similar method was used by Stephan and his
co-workers [11] in order to generate a-C
models having different density in a range of
2.0-3.52 g/cm3. They applied a semiempiri-
cal density-functional approach. The models
contained 128 carbon atoms.

In our case we simulated the growing
procedure of the amorphous carbon struc-
ture, on diamond (111) surface. The forma -
tion of amorphous carbon structures on a
substrate was simulated similarly to atom-
by-atom deposition. Our motivation is the
following: It is well-known that carbon usu-
ally is grown as amorphous film by vapor-
growth technique and it is not so easy to
prepare from liquid phase using rapid
quenching.

Periodic boundary conditions were
adopted to avoid surface effects. In our
computer experiment there were three dif-
ferent sets of carbon atoms. The first one
was the atomic current of carbon atoms for-
warded to the target of a (111) diamond
surface. The second set was the upper part
of the substrate, which contained atoms at
0 K of initial temperature. The atoms of
third set formed the bottom part of the
substrate. These atoms were fixed at their
ideal lattice sites.

a) During the procedure a carbon atom
started to move forward to the target sur-
face. Its initial x, y coordinates in the cur-
rent were randomly determined. As the cut
off distance of our tight-binding potential
was 2.6 E, to speed up the simulation, the
initial z coordinates in the current were
placed 3.6 E over the target. The initial
velocities of the atoms in the current were
randomly determined.
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Fig.1. The final structure in the unit cell of
the atom-by-atom deposition. The substrate
of 0 K are at the bottom of the Figure. The
kinetic energy of incoming atoms were rela-
tive low, 1.29 eV. This model is a chain like
amorphous structure.

b) If the particle arrived into the critical
distance to the substrate, which was a little
bit greater than the bond distance, proce-
dure a) was started again. In the meantime
the old particle became the part of the bonded
carbons, but it was kept moving. To simulate
inelastic collision by the target surface the
velocity of the current atom was decreased in
each MD step by a given factor.

4. Results and discussions

In this paragraph, results of a—C film
growth simulation is presented for two dif -
ferent volumes of the systems. The total
simulation time of the atom-by-atom deposi -
tion was usually 5—10 psec. In this case the
time step was equal to 0.5 femtosecond.
Fig.1. shows the final structure of the first
simulation in the unit cell. The current
came from the Z direction randomly. The
kinetic energy of incoming atoms were rela-
tive low, 1.29 eV. Fig.2 displays a model
where the kinetic energy was 9.7 eV. This
energy is very close to the value used dur-
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Fig.2. The second structure. The kinetic en-
ergy of incoming atoms were 9.7 eV.

Fig.3. The final structure in the unit cell of
the simulation for a large amorphous carbon
model. The kinetic energy of incoming atoms
were 9.7 eV. It contains 316 carbon atoms.
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Fig.4. The radial distribution function for
the large structure.

ing the a—C sample preparation. Both cases
the substrate consist of 80 carbon atoms.
The structure of the first model was a chain
like amorphous structure while the second
one contains more sp2 and sp3 atomic sites
and rings. It means that the higher incom -
ing energy produces less chains and more
rings. Similar experimental results have
been recently published [12, 13].

Second we constructed larger models as can
be seen in Fig.3. The substrate contains 120
carbon atoms, and the average initial kinetic
energy of incoming carbon atoms are also
9.7 eV. 196 carbon atoms forms the amor-
phous part of the model. In Fig.4 we present
the calculated radial distribution function g(r),
which is close to our experimental result meas -
ured by neutron diffraction. Fig.5 shows the
angular distribution function.

5. Outlook

Our molecular dynamics simulation consist
of atomic substrate which is at T = 0 tem-
perature. Applying Nose-Hoover thermostat
(NH) [14, 15] the temperature of the equilib-
rium system can be controlled and NH dy-
namics produces real fluctuations in the state
variables. This NH is useful in understanding
the role of substrate temperature for growth
of amorphous carbon film.

In summary we have presented the forma -
tion of amorphous carbon structures under
various simulation conditions. On the dia-
mond surface deposition computer experi-
ment the final structures were amorphous
structures with fivefold, sixfold and seven -
fold membered rings.

This work has been supported by the Fund
OTKA  (Grant No.T024138, TO025017,
T021228) and Hungarian- Japanese intergov -
ernmental co-operation in S&T NoJAP-21/98.
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Fig.5. The angular distribution function of the
large model of the atom-by-atom deposition.
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MopgenoBaHHA aMOP(HUX CTPYKTYP BYTJIEIHIO
MeTOoJaMU MOJIEKYJSAPHOI AUHAMIKH

lI. Kyenep, I. Jlacno, K. Koxapi, K. Illumaxaea

3a I0TOMOroI0 MOIEJIOBAHHA METOJaM! MOJIEKYJISPHOI AMHAMIKK JOCTiIKEeHO YTBOPEHHS
Pi3HUX THUIIIB CTPYKTypHU ByrJelio. IIpy BUKOPUCTAHHI ITMX MeTOAiB aMOpP(HiI CTPYKTYpPH M0
IILOTO Yacy 3BUYAWHO TeHepyBalu IIJISIXOM TrapTyBaHHSA 3 Pi3HUX pPiAKMX KOHQIiryparii.
Takuii eKcepruMeHTAJIbHUI MeTOJ OTPUMAaHHSA aMOP(HOTro BYIJIEI0 He MAa€ ITHUPOKOTO PO3-
MOBCIOMKeHHA. M1 po3pobuan migxim 10 Mome 0BaHHS IPOIECY POCTY amMopdHOI ByrJerneBoi
CTPYKTYPH B paMKaX METOAy MOJEKYJAPHOI IMHAMIKHU 3 3aCTOCYBAaHHAM HAOJMKEHHS TiCHO-
ro 3B’sa3yBaHHA. Po3pobyieHN MeTO[ KOMII IOTePHOr0 MOJe/JTI0BAaHHS aHAJOTIUHMH ITOCIigoB-
HOMY OCa[’KeHHI0O OKPeMHX aToMiB Ha miaxkaaaky. Ha mosepxui (111) anmasy oTpuMaHo
aMopdHi CTPYKTYypH 3 II’SATH-, IIECTU- TA CEMUUWIEHHUMH ITUKJIAMU.
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