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Thin-film nucleation through molecular cluster beam deposition:
Comparison of tight-binding and many-body empirical potential
molecular dynamics simulations
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Molecular dynamics simulations are performed to investigate the chemical products of molecular
ethylene-cluster beam deposition on diamond substrates at room temperature. The substrates are
hydrogen-terminated diamond~111! surfaces of varying sizes. The computational approach is
molecular dynamics simulations with two different methods for determining the forces on the
atoms: an empirical reactive empirical bond-order hydrocarbon potential and an order-N
nonorthogonal tight-binding method. The results of these two approaches to thin-film nucleation
through ethylene-cluster beam deposition are compared and contrasted. The results are used to
determine the similarities, differences, advantages, and limitations of these two approaches.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1462609#
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I. INTRODUCTION

The controlled deposition of hydrocarbon thin films h
been achieved by several techniques, including mass sele
ion beam deposition,1–4 chemical vapor deposition,5,6 and
cluster-beam deposition.7–9 These studies have increased o
understanding of the way in which changes in the deposi
method, starting material, and reaction conditions influe
the results. However, the atomistic mechanisms by which
final product is produced are not available from the exp
mental data. Therefore, atomistic simulations are used to
ter understand the fundamental physical and chemical
cesses that lead to thin-film formation using the
methods.10–12

Over the last few years Sinnott and co-workers ha
used classical molecular dynamics~MD! simulations to
study hydrocarbon thin-film nucleation on diamond su
strates through molecular cluster and cluster-beam dep
tion. This previous work has shown how cluster molecu
species,13,14 incident kinetic energy,13–15cluster size,16 beam
type,17 surface reactivity,18 and substrate temperature17 influ-
ence the growth and structure of the resultant thin films. T
potentials used in these studies are the reactive empi
bond-order method developed by Brenner19 for short-ranged
covalent interactions coupled to Lennard-Jones potentia20

for the long-range interactions. While this potential has be
shown to be quite good at characterizing reactive proce
involving thousands of atoms,21–25 it is not able to describe
processes that depend on the explicit and self-consisten
clusion of electrons.26

a!Electronic mail: sywu0001@fellini.physics.louisville.edu
b!Electronic mail: sinnott@mse.ufl.edu
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In this study, MD simulations of molecular cluster dep
sition on diamond are performed using the reactive empir
bond-order potential of Brenner~EMD! and the order-N non-
orthogonal tight-binding MD@O~N!/NOTB-MD# method of
Jayanthi, Wu,et al.27 using the NOTB Hamiltonian for car
bon developed by Menonet al.28 Tight-binding approaches
incorporate real electronic structure and bonding, eleme
that are lacking in the empirical potential. This scheme h
been successfully applied to study a wide range of proble
associated with nanostructures, including the initial sta
of growth of Si/Si~001!,29 carbon nanotubes,30 and Si
nanoclusters.31

The motivation for this work is the desire to check th
qualitative and quantitative predictions from these two me
ods by comparing their results, including the amount of fi
formation~represented by calculating the percentage of cl
ter adhesion to the underlying substrates! and the final struc-
tures of the nucleated thin films.

II. COMPUTATIONAL DETAILS

A. Reactive empirical bond-order „REBO… potential

In the EMD simulations, the reactive empirical bon
order~REBO! potential for hydrocarbons, developed by Te
soff and refined and parametrized by Brenner, is used
calculate the short-ranged interatomic forces.19 When this
short-ranged potential goes to zero, a Lennard-Jones po
tial is used to model the long-range van der Waals molec
interactions.20 Therefore, the combined expression for t
binding energy (Eb) between atomsi and j can be expressed
in the form
8 © 2002 American Institute of Physics
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Eb5(
i

(
j ~. i !

@VR~r i j !2Bi j VA~r i j !1Vvdw~r i j !#, ~1!

where VR and VA are pair-additive interactions that mod
the interatomic repulsive and attractive forces, respectiv
while Vvdw is the contribution from long-range van der Waa
interactions

VR~r !5 f i j
c ~r !~11Q/r !Ae2ar , ~2!

VA~r !5 f i j
c ~r !(

n
bne2bnr , ~3!

Vvdw~r !54«F S s

r D 12

2S s

r D 6G , ~4!

where the subscriptsi and j refer to the sum in Eq.~1!, the
subscriptn refers to the sum in Eq.~3!, andr i j is the scalar
distance between atomsi and j. As described elsewhere,19,32

the Lennard-Jones potential is zero in the region of cova
interaction and only nonzero after the short-ranged, cova
potential has gone to zero. The two are smoothly joined w
a cubic spline. The parametersQ, A, a, b, and b are all
parameters that are fit to experimental andab initio data for
both hydrocarbon molecules and solid-state carbon19 and are
adjusted using a standard fitting routine. The repulsive p
interaction, shown in Eq.~2!, goes to infinity as the inter
atomic distances approach zero, and the attractive term
sufficient flexibility to simultaneously fit the bond propertie
The function f c(r ) limits the range of the covalent interac
tions. For carbon, the value off c(r ) will be 1 for nearest
neighbors and zero for all other interatomic distances.

Bi j is a many-body empirical bond-order between ato
i and j. It is written as the sum of terms

Bi j 5
1
2@Bi j

s2p1Bji
s2p#1Bi j

p . ~5!

Values for the functionsBi j
s2p andBji

s2p depend on the loca
coordination and bond angles for atomsi andj. The function
Bi j

p is further written as a sum of two terms

Bi j
p5)

i j

RC

1Bi j
DH . ~6!

The value of the first term depends on whether a bond
tween atomsi and j has radical character and is part of
conjugated system. The value of the second term depend
the dihedral angle for carbon–carbon double bonds.

Unlike traditional valence-force field methods, th
atomic bonding in the REBO potential is determined stric
from local bonding neighbors and nonlocal conjugatio
Thus this potential allows bond formation and breaking
occur, while the many-body bond-order term allows the
ordination of the atoms to change.

B. Order-N nonorthogonal tight-binding molecular
dynamics †O„N…ÕNOTB-MD‡

An O~N!/NOTB-MD scheme is also used to carry o
quantum-mechanics-based simulations.27 This scheme is de
signed to circumvent the N3 scaling of the calculation o
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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the total energy and atomic forces. Within the framework
the NOTB approach, the band structure energy and the e
tronic contributions to the atomic forces can be determin
by

EBS52 (
l(occ)

El52 (
ia, j b

r ia, j bH j b,ia , ~7!

F i ,el52
]EBS

]Ri

522(
a, j b

H r ia, j b

]H j b,ia

]Ri

2t ia, j b

]Sj b,ia

]Ri
J ,

~8!

whereHia, j b andSia, j b are the Hamiltonian matrix elemen
and overlap matrix element, respectively. The density ma
r and the energy density matrixt are defined by

r ia, j b52
1

p
lim
«→0

EEF
Im Gia, j b~E1 i«!dE, ~9!

t ia, j b52
1

p
lim
«→0

EEF
E Im Gia, j b~E1 i«!dE. ~10!

Using the property thatr ia, j b(Ri j )→0 and t ia, j b(Ri j )
→0 asRi j →`, the summations in Eqs.~7! and ~8! can be
truncated to include only terms within a sphere of radiusRcut

if it can be established thatr ia, j b(Ri j )'0 and t ia, j b(Ri j )
'0 for Ri j .Rcut. With the truncation, the calculation of th
total energy and the atomic forces will depend linearly on
size of the system. NOTB parameters characterizing
C–H interactions are fit so that the predicted bond leng
and bond angles for C2H2, CH4, C2H4, and C2H6 are in good
agreement with experimental results.

C. Simulation details

The cluster beam investigated in this study contains t
molecular ethylene clusters. Each cluster is formed by
ranging eight ethylene molecules on a three-dimensional
in which three-dimensional periodic boundary conditions
applied. Therefore, there are 48 atoms per cluster and 1
them are carbon atoms. First, the cluster molecules
equilibrated at 500 K. When the cluster has fully relaxed
is quenched to 5 K to minimize the internal cluster kinetic
energy. The cluster is then replicated to form a beam t
consists of two clusters with a total diameter of about 8
Before deposition, the whole beam is placed about 4 Å ab
the surface. The two clusters are then deposited on the
face at an incident energy of 25 eV/molecule, which cor
sponds to a velocity of 13.1 km/s. The distance between
two clusters in the beam is about 4 Å in thedirection normal
to the underlying surface. Therefore, the two clusters imp
the substrate in a consecutive manner, with the second c
ter hitting the surface 30.5 fs after the first.

According to a previous study by the Sinnott group w
the REBO potential, different time lags between consecu
cluster deposition results in similar thin-film structures15

However, more substrate atoms become part of the thin
when the time lags are small, while more atoms from
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Details of the hydrogen-terminated diamond~111! surfaces used in the study.

Number of atoms
in the surface 1260 2352 3136 4480 5824 7168 9216 16 1

Impact area~Å2! 455.8 615.1 1166.2 1166.2 1166.2 1166.2 1509.3 267
Thickness~Å! 13.0 13.0 13.0 19.1 25.3 31.5 31.5 31.5
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cluster remain as part of a thin film when the time lag
long.15 In this study a short time lag is used because of
emphasis on comparing the results of the O~N!/NOTB-MD
and EMD approaches and to minimize the computatio
costs from the large number of trajectories.

Eight hydrogen-terminated diamond~111! substrates of
various sizes are used in this study, and the substrate
are given in Table I. The largest substrate contains over
times as many atoms as the smallest one. These various
strates are chosen in order to compare the computationa
pability of the two different methods. The EMD method
able to model much larger system sizes than the O~N!/
NOTB-MD method. Therefore, a range of system sizes
considered by both methods to determine how the res
vary with system size. Prior to cluster deposition, all t
substrates are equilibrated at 500 K and then cooled to
K, which is the temperature that is maintained throughout
deposition process. Periodic boundaries are applied wi
the surface plane.

In order to mimic the heat dissipation of a real substr
and maintain the system temperature at 300 K during
deposition, a velocity-rescaling thermostat is used in both
EMD and O~N!/NOTB-MD simulations. Approximately 3–5
rows of atoms at the edges and the carbon atoms of the lo
half of the whole surface slab have a thermostat applied
them. Therefore, the thermostat atoms form a bathtub-
shape, helping to control the system temperature. The
number of thermostat atoms is 959, 1768, 2307, 3002, 43
5134, 6408, and 10 464 for surfaces containing 1260, 23
3136, 4480, 5824, 7168, 9216, and 16 128 atoms, res
tively. The bottom layer of hydrogen atoms for each surfa
is held rigid to maintain the substrate structure during de
sition. All the other atoms in the substrate and in the clus
beam evolve without any additional constraints.

During deposition, the majority of the incident energy
the cluster molecules is transformed into excess surface
netic energy. In the case of the larger surfaces conside
this excess surface kinetic energy is quickly dissipated by
thermostat atoms and does not bounce back to interfere
the chemical interactions taking place at the surface. O
measure of this rapid dissipation of energy is the surf
temperature at the time of the impact of the second clu
which, for the larger surfaces considered, is about 400–
K. However, in the smaller surfaces this dissipation does
take place quickly enough and the excess energy is refle
back from the bottom of the surface~this occurs whether o
not the bottom layer is held rigid!. ~This is indicated in the
surface temperature at the time of the impact of the sec
cluster that, for the smaller surfaces considered, is ab
700–1100 K.! This reflection of energy seems to occur
somewhat different degrees in the EMD and O~N!/
r 2005 to 136.165.56.55. Redistribution subject to AIP
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NOTB-MD simulations~see the discussion below!. As the
point of this study is the comparison of the predictions
these two methods, this reflection of energy does not det
from the study’s objectives.

For statistical purposes, several trajectories are p
formed for each surface and the results are averaged. In
case of the O~N!/NOTB-MD simulations, three trajectorie
are run for each of the three smallest surfaces~1260, 2352,
and 3136 atoms/surface!. In the case of the EMD simula
tions, the same three trajectories are run on the same t
surfaces so that the EMD and O~N!/NOTB-MD results may
be compared. In addition, since the EMD method is mu
faster than the O~N!/NOTB-MD method and more trajecto
ries lead to better statistical representation of the results,
trajectories total are also run for each of the eight surfa
considered~shown in Table I!.

The time step is 0.2 fs in the deposition simulations a
0.1 fs in calculating the potential energy surfaces. In
cases, the simulations run for at least 1 ps, with the clus
impacting on the surface during the first 0.16 ps and the fi
relaxing the rest of the time. Each O~N!/NOTB-MD simula-
tion typically required 12 nodes of an IBM RS/6000 SP
supercomputer~with 48 CPUs! and ran for about 4 days
while each EMD simulation typically ran for a few hour
~the largest simulations ran about 1 day! on a Compaq Al-
pha64 workstation.

III. RESULTS AND DISCUSSION

When the molecular clusters come into contact with
surface, numerous chemical reactions occur among the c
ter molecules and between the cluster and the substrate
sulting in hydrocarbon thin-film nucleation and growth. Bo
the O~N!/NOTB-MD and EMD methods predict that whe
the clusters impact the substrate with the short time lag
30.5 fs, many more of the carbon atoms in the film are fr
the first cluster that is deposited. Furthermore, both meth
predict that within a given cluster, more atoms from t
lower half of the cluster~closest to the substrate! remain
behind to form the film. These results agree with previo
simulation results for molecular cluster deposition.13,15 Pre-
vious studies showed that the elastic collisions among
cluster molecules are responsible for the chemi
reactions.13 Deposition of single molecules does not result
appreciable thin-film formation unless done at high fluen
in a larger beam than those considered here.17

The atoms that are identified as being part of the t
film include substrate atoms that are displaced from th
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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original positions and pushed up into the film while st
maintaining a connection to the substrate. In addition, so
atoms from the cluster penetrate deeply into the subst
beyond the range of the film. Although these atoms are
cluded in the calculation of the number of atoms from t
cluster that adhere to the surface, they are not consid
when the structure of the film is determined.

The percentage of cluster carbon atoms adhering to
surfaces with 1260, 2352, and 3136 atoms/surface predi
by O~N!/NOTB-MD and EMD is shown in Fig. 1, with de
tailed numbers provided in Table II. The O~N!/NOTB-MD
method predicts a higher percentage of adhesion~approxi-
mately 20%–30% more! than the EMD does for the sam

FIG. 1. Percentage of carbon atoms in the incident beam that adhere t
substrates predicted by the O~N!/NOTB-MD and EMD approaches~aver-
aged over three trajectories for surface with 1260, 2352, and 3136 ato!.
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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surface in each case. In the EMD case, when the dista
between two atoms is less than 1.73, those two atoms
considered to have formed a bond. In the case of the O~N!/
NOTB-MD approach, when the number of electrons in t
bond region is greater than or equal to 0.04, a bond is c
sidered to be formed.33 When the distance approach is com
pared to the electron counting approach for the same se
O~N!/NOTB-MD results, the electron counting approach
found to yield results consistent with those of the distan
approach in that there is no bond determined on the bas
the electron counting approach with a bond length grea
than 1.73 Å. Hence, the difference in the percentage of
hesion between the two approaches is due to difference
herent to the empirical and tight-binding methods the
selves.

To better characterize this difference, the potential
ergy surfaces of three reactions are considered from s
calculations using the REBO and O~N!/NOTB-MD poten-
tials, and the results are plotted in Fig. 2. The first case is

TABLE II. The number and percentage of carbon atoms in the incid
beam that adhere to the surfaces predicted by the O~N!/NOTB-MD and
EMD approaches~averaged over three trajectories!.

Number of atoms
in the surface 1260 2352 3136

TBMD 14 ~44%! 11 ~34%! 11 ~34%!
Empirical MD 5 ~16%! 6 ~19%! 4 ~13%!

the
s
icular
FIG. 2. Comparison of the potential energy surfaces calculated with the tight-binding and empirical potentials for~a! the movement of two ethylene molecule
towards each other in a direction horizontal to the double bonds;~b! the movement of two ethylene molecules towards each other in a direction perpend
to the double bonds; and~c! the movement of two ethylene clusters~each with eight molecules/cluster! towards one another.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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movement of two ethylene molecules towards each o
along a path that is horizontal to the double bonds, show
Fig. 2~a!. The second case is the movement of two ethyle
molecules towards each other along a path that is per
dicular to the double bonds, shown in Fig. 2~b!. Finally, the
third case is the movement of two molecular clusters of e
ylene ~where each cluster contains eight molecules! towards
each other, shown in Fig. 2~c!.

If one ignores the fine details, one will be struck by t
similarities in the overall shapes of the energy curves
tained by the two approaches. This is particularly true in
third case, where the energy curves between two molec
clusters of ethylene obtained by the two methods have
markably similar shapes. However, there is also a cru
difference between the energy curves obtained by the
methods. From Fig. 2, it can be seen that, in all three ca
there are regions of separation close to the C–C bond le
where the energy obtained by the NOTB Hamiltonian is l
than that obtained by the REBO potential@see the insert in
Fig. 2~c!#. The similarities of the energy curves obtained
the two methods are indications that the REBO potential
indeed captured some general character of carbon-b
chemistry. But, the differences show that the REBO poten
does not predict the potential barriers to reactions as wel
and is also more rigid than, the NOTB Hamiltonian. It the
fore may not be sufficiently flexible to describe all the re
evant processes of bond breaking and bond forming
cluster-beam deposition, thus leading to a lower percen
of adhesion for the EMD results. The key is that the NOT
Hamiltonian predicts a more attractive interaction and
general a lower potential barrier in the region of bond bre
ing and bond formation than the REBO potential.

As the surface size increases, both the O~N!/NOTB-MD
and EMD simulations predict that the adhesion percentag

FIG. 3. Percentage of carbon atoms in the incident beam that adhere t
substrates predicted by the EMD approach~averaged over ten trajectorie
for each surface!.
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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approximately constant. When ten trajectories of EMD sim
lations are averaged for each of the eight substrates show
Table I, the results also display little variation in the adhes
percentage with the changing substrate~see Fig. 3 and Table
III !. This indicates that while the reflection of energy in t
case of the smaller surfaces has an effect on the chem
reactions, it is within the error bars that represent the de
tion in the averaged results from the multiple trajector
~three trajectories in Fig. 1, ten trajectories in Fig. 3!. Other
factors that contribute to this deviation include changes
the precise impact sites on the surfaces, thermal fluctuati
and changes in the elastic collisions among the cluster m
ecules that have been shown to be crucial to the formatio
new chemical bonds.16

Typical snapshots of the nucleated thin films predic
by the O~N!/NOTB-MD and EMD simulations are given in
Figs. 4~a! and 4~b!, respectively. It is clear that the absorbe
species are denser and spread more widely in the O~N!/
NOTB-MD simulations, while in the EMD simulations the
are more chain-like. These comparisons are made in a m
quantitative manner by determining the hybridization of t
carbon atoms in the film and the manner in which the carb
atoms are bonded to the other carbon atoms in the film~here-
after referred to as carbon connectivity!.

Table IV summarizes the coordination of the carbon
oms in the films predicted to form in the O~N!/NOTB-MD
and EMD simulations for surfaces with 1260, 2352, a
3136 atoms/surface. Compared to the EMD results,
O~N!/NOTB-MD method predicts the formation of a highe
percentage ofsp3-hybridized carbon, lesssp2-hybridized,
and nosp-hybridized carbon. In the EMD simulations, th
hybridization of the carbon in the film ranges fromsp to sp3.
In other words, the O~N!/NOTB-MD simulations predict the
formation of a highly saturated thin-film structure while th
EMD simulations predict the formation of a more unsatu
ated structure. Table V summarizes the averaged hybrid
tion of the carbon atoms in the films formed on all eig
surfaces~averaged over ten trajectories!.

A close examination of Tables IV and V reveals a ro
reversal in the percentages of carbon atoms withsp2 andsp3

TABLE III. Number and percentage of carbon atoms in the incident be
that adhere to the surfaces predicted by the EMD approach~averaged over
ten trajectories!.

Number of atoms
in the surface 1260 2352 3136 4480 5824 7168 9216 16

Number 5 4 4 3 5 4 4 4
Percentage~%! 16 13 13 9 16 13 13 13

the
a

s in
car-
ms.
FIG. 4. Snapshots of the nucleated thin film on
hydrogen-terminated diamond~111! surface containing
3136 atoms. The black spheres are the carbon atom
the cluster beam, the gray spheres are the substrate
bon atoms, and the white spheres are hydrogen ato
~a! O~N!/NOTB-MD result; ~b! EMD result.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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bonding in the film between the 1260 and 2352 atom
surface cases for the EMD simulations while no such rev
sal is seen for the O~N!/NOTB-MD simulations. This obser
vation can be understood as follows. For EMD simulatio
the 1260-atom surface is just too small to allow for a qu
dissipation of any substantial amount of the excess sur
kinetic energy. Furthermore, the smallness of the surface
allows for the reflected excess energy to quickly break up
remnantsp2-bonded structures in the incoming clusters. T
action, in turn, promotes more chemical reactions at the
face, leading to a larger percentage ofsp3-bonded carbon
atoms. The 2352-atom surface, on the other hand, is l
enough to dissipate some of the excess energy such tha
reflected energy is not sufficient to break up the remn
stablesp2-bonded structures in the incoming clusters, bu
still enough to break up some of the newly form
sp3-bonded structures at the surface. This facilitates the
mation of additionalsp2-bonded structures. As the size
the surface increases further, the effect of the reflected
ergy decreases more. This trend can be clearly seen from
results shown in Table V.

For the O~N!/NOTB-MD simulations, because th
NOTB Hamiltonian is more flexible, the excess surface
netic energy dissipates more quickly than the correspond
situation in the EMD simulations. Hence, even for the 126
atom surface, some of the excess energy has already
dissipated to the extent that the reflected energy is only
ficient to break up thesp3 structures formed as a result o
chemical reactions at the surface. The effect of the reflec
energy is reduced as the surface size increases, as se
Table IV. The results in Tables IV and V also seem to su
gest that the effect of the reflected energy has almost di
peared for the 7168-atom surface in the case of EMD sim
lations and for the 3136-atom surface in the case of O~N!/
NOTB-MD simulations. Finally, the differences in th
distribution of the percentages ofsp2- andsp3-bonded struc-

TABLE IV. The hybridization of the carbon atoms in the film predicted
the O~N!/NOTB-MD and EMD simulations~averaged over three trajecto
ries! ~%!.

Number of atoms
in the surface

1260 2352 3136

sp ••• ••• •••
TBMD sp2 22 16 13

sp3 78 84 87
sp 8 12 8

Empirical MD sp2 23 65 64
sp3 79 23 28

TABLE V. The hybridization of the carbon atoms in the film predicted
the EMD simulations~averaged over ten trajectories! ~%!.

Number of atoms
in the surface 1260 2352 3136 4480 5824 7168 9216 16

sp 17 12 7 3 20 20 15 11
sp2 29 58 53 70 53 45 46 44
sp3 54 30 40 27 27 35 39 45
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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tures between the two cases can be attributed to the rig
of the REBO potential vs the flexibility of the NOTB Hamil
tonian.

The carbon connectivity within the nucleated films pr
dicted by the O~N!/NOTB-MD and EMD simulations for
surfaces with 1260, 2352, and 3136 atoms/surface are sh
in Table VI. In the table, C1 stands for the percentage
carbon atoms connected to one other carbon atom, C2 st
for the percentage of carbon atoms connected to two o
carbon atoms, etc. Therefore, the summation of C1 and
indicates the percentage of carbon atoms in a linear struc
in the thin film while C3 and C4 indicate the percentage
carbon atoms in branched and networked structures, res
tively. It should be pointed out that the hybridization of
carbon atom includes its bonds to both carbon and hydrog
In contrast, carbon connectivity includes only bonds to ot
carbon atoms. But, of course, there are some relations
between the two. For example, those carbon atoms that
labeled C4 must besp3 hybridized, butsp3-hybridized car-
bon atoms do not correlate exclusively with C4 carbons.

For each surface, the carbon connectivity within the fi
predicted by O~N!/NOTB-MD is different from what is pre-
dicted by the EMD simulations. In general, O~N!/NOTB-MD
predicts more branched or networked structures and less
ear structure than the EMD simulations do. When both
coordination and the carbon connectivity of the film carb
atoms are considered, the O~N!/NOTB-MD method is found
to predict the formation of a more diamond-like thin film
while the EMD simulations predict a more polymer-like th
film ~see Table VII!.

IV. CONCLUSIONS

The simulation results for ethylene molecular clus
deposition predicted by O~N!/NOTB-MD and EMD simula-
tions are compared. The results of these two methods do

8

TABLE VI. The carbon connectivity of the carbon atoms in the film pr
dicted by O~N!-NOTB-MD and EMD simulations~averaged over three tra
jectories! ~%!.

Number of atoms
in the surface

1260 2352 3136

C1 30 29 42
C2 46 37 29

TBMD C3 22 34 25
C4 2 ••• 4
C1 49 30 46

Empirical MD C2 37 65 54
C3 14 5 •••

TABLE VII. Carbon connectivity of the carbon atoms in the film predicte
by EMD simulations~averaged over ten trajectories! ~%!.

Number of atoms
in the surface 1260 2352 3136 4480 5824 7168 9216 16 1

C1 40 32 47 41 45 39 38 42
C2 54 65 50 50 53 56 54 53
C3 6 3 3 9 2 5 8 5
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agree perfectly with each other. For instance, the struct
of the resultant thin film are significantly different from on
another. Nevertheless, both methods predict thin-film nu
ation. We have identified the reason for the difference in
thin-film structure predicted by the two methods as due
the inherent difference between the REBO potential and
NOTB Hamiltonian, namely, the rigidity of the REBO po
tential vs the flexibility of the NOTB Hamiltonian.

Although O~N!/NOTB-MD is the more accurate method
it is more computationally expensive than the EMD meth
for a surface of a given size. However, we have also fou
evidence that it only requires reasonably small surface s
to eliminate the effect of reflected energy for the O~N!/
NOTB-MD simulations. Thus, it is likely that O~N!/
NOTB-MD simulations can be applied to study systems c
sidered in this work and similar systems if more trajector
are included to improve the statistics.
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