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Study of C 3H5
¿ ion deposition on polystyrene and polyethylene surfaces

using molecular dynamics simulations
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Molecular dynamics simulations of ion deposition processes are used to study the deposition of
C3H5

1 ions on crystalline polystyrene~PS! and polyethylene~PE! surfaces at energies of 50 and 25
eV. For each system, 80 trajectories are carried out on pristine surfaces and the incident angle in
every case is normal to the surface. The forces are determined using the reactive empirical bond
order method developed by Tersoff and parametrized for hydrocarbons by Brenner, coupled to
long-range Lennard–Jones potentials. The simulations predict that the ions deposited at 50 eV either
dissociate and stick to the surface or remain on the surface intact in 98% of the trajectories on PS,
and in 89% of the trajectories on PE. At 25 eV, the ions are deposited intact in 70% of the
trajectories on PS and dissociate in only 3%. No dissociation of the incident ions is predicted to
occur on PE at 25 eV. Rather, the ions scatter away in 90% of the trajectories. Consequently, ion
deposition on PE at 25 eV is predicted to be very inefficient for thin-film growth. Many more ions
or major ion fragments~such as C2Hn and CH2! remain near the surface on PS than PE at 50 eV.
Thus, in general, polyatomic ion deposition for thin film growth is more efficient on PS than PE, and
deposition at 50 eV is more efficient than deposition at 25 eV. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1500788#
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I. INTRODUCTION

Computer simulations of the deposition of ions of sp
cific mass and kinetic energy have been used to better un
stand the complex mechanisms associated with the proce
used to grow polymer thin films in plasmas.1,2 Even though
plasma treatments are widely used to improve surface p
erties and deposit surface coatings, the detailed mechan
of interaction between reactants in the plasma and the
face are difficult to determine experimentally. Compu
simulation is one method that can be used to specify reac
conditions, such as surface structure, and isolate the effe
individual species. Therefore, computer simulation is a u
ful tool for the study of possible interaction mechanisms
tween reactant species and the surface under specific rea
conditions.1,3,4

Low energy plasma surface treatments can be u
to graft specific functional groups or grow polymeric film
on surfaces. For example, fluorocarbon plasma dep
tion has been used to grow fluorinated polymer film
on various surfaces to yield films with high thermal a
chemical resistance, high dielectric constants, and
friction coefficients.5,6 Hydrocarbon plasma deposition ha
also been widely used to yield thin films with high hardne
and specific electronic band-gap characteristics.7–9 For in-
stance, these plasma processes have been used to pr
protective coatings, improve the adhesive strength of fi
with polymer materials, tailor the surface properties of b
medical, electronic, and optical devices, and produce m
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branes for specific purposes such as fuel cells and
separation.2,5–8,10–12

In previous work, we examined the deposition of CH3
1

and C3H5
1 on crystalline polystyrene~PS! surfaces at kinetic

energies of 20–100 eV using molecular dynamics~MD!
simulations and compared the results to experimental fi
ings for the analogous fluorocarbon ions CF3

1 and C3F5
1 on

PS.1,3 The experiments and simulations showed th
C3F5

1/C3H5
1 ions were more effective at growing films tha

the CF3
1/CH3

1 ions when they were deposited at similar e
ergies per atom (;6 eV/atom). Fragmentation of both type
of ions increased when the ion energies were increase
both the experiments and simulations. We also investiga
the effect of changing the incident angle of the C3H5

1 ions
during deposition on the PS surface using MD simulations
fixed incident energies of 50 eV.13 These simulations pre
dicted that small inclined angles, such as 45° from the s
face normal, were more efficient for the deposition of t
precursors necessary to form thin polymer films, even tho
the total amount of deposited carbon that remained on
surface was largest at normal incidence. This was beca
more ions or ion fragments remained near the surface at
than at 0°. In addition, the number of CH2 fragments that
remained at the surface was largest at 45°. This is signific
because CH2 was predicted to be the most reactive species
our simulation; the majority of these fragments bonded to
PS backbones.

The surface reactions that incident ions undergo are
pected to be different on different surfaces. The chemical
physical properties of the surface are expected to affect
interaction between incident ions~or their fragments! and the
surface. In this article, we compare C2H5

1 deposition on
il:
3 © 2002 American Institute of Physics
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crystalline PS and polyethylene~PE! surfaces at 50 and 2
eV and normal incidence using classical MD simulatio
These surfaces were selected because PE and PS are
posed of the same elements, carbon and hydrogen, but
very different chemical and physical properties. For e
ample, PS has a higher glass transition temperature and m
ing temperature, and a stiffer structure than PE. These di
ences come from the presence of the bulky phenyl ring in
PS structure.14 Thus, this study will provide insight into the
atomic-scale effects of surface chemical and physical st
tures on reaction mechanisms.

II. COMPUTATIONAL DETAILS

The MD simulations numerically integrate Newton
equations of motion with a third-order Nordsieck predic
corrector15 using a time step of 0.2 fs. Short-range inte
atomic forces are calculated using the reactive empir
bond order potential developed by Tersoff,16,17 and param-
eterized by Brenner for hydrocarbons,18 and refined within
the last few years.19 Unlike molecular mechanics model
this potential can predict new bond formation and bo
breaking which are important processes in polyatomic
deposition and surface modification. It has been success
used to obtain insight into various processes such
molecule-surface collisions,20 cluster-surface deposition,21,22

and the chemical vapor deposition of diamond.23,24 Long-
range van der Waals interactions are included in the form
a Lennard–Jones potential that is only active at distan
greater than the covalent bond lengths.15

Because of the empirical, classical nature of these po
tials, electronic effects such as electronic excitations
charging of the atoms are not included. Therefore, ions w
positive charges are treated as reactive radicals rather
true ions with an actual charge. It is recognized that
presence of a positive charge will influence the chem
reactions that occur during deposition. However, it is a
true that many incident ions are rapidly neutralized as t
approach the surface. The expectation is that the simula
results are qualitatively correct and can provide insight i
the processes taking place during polyatomic ion deposi
on PS and PE.

The PS and PE surfaces used in the simulations con
eight and ten layers, respectively, for a total thickness of
Å. The bottom layer of the surface and atoms within 2.5
from the four sides of the slab have Langevin friction
forces applied to maintain the surface temperature at
K.15 This imitates the heat dissipation process of real s
faces. The rest of the atoms in the system have no constr
and are designated as active. Periodic boundary condit
are also applied within the plane of the surface to mimic
infinite surface and effectively double the number of therm
stat atoms at the edges of the surface.

The simulations are performed with the ground state i
meric structure of C3H5

1 (CH2– C1H– CH2). It was previ-
ously predicted that the ground state structure is most pr
lent experimentally, despite the fact the ions have signific
internal energy that could lead to excited isome
structures.1 The ions are deposited at various locations with
Downloaded 04 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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the active region of the surface at several orientations r
tive to the surface. The total kinetic energies of the ions
25 and 50 eV and the incident angle is normal to surfa
Deposition at each condition is examined in 80 trajector
and the simulations run from 0.2 to 1.2 ps before it is det
mined that the results have reached a steady state.

III. RESULTS AND DISCUSSION

Table I summarizes the results obtained from the M
simulations for PS and PE surfaces at ion energies of 50
25 eV. The ion fragments indicated in the table react with
surface atoms after dissociation in most cases. Therefore
exact structures of the fragments may be different from
structures shown in the table after equilibration has occur
No carbon atoms are removed from the polymer surfac
However, some hydrogen atoms are detached from the p
mer chains and knocked loose from the surface. Theref
etching effects are predicted to be negligible in all the ca
considered.

Ions dissociate on the PS surface in many more traje
ries than on the PE surface at 50 eV. On the PS surfa
61% of the incident ions dissociate in the trajectorie
whereas they dissociate in 40% of the trajectories on the
surfaces. On both PS and PE surfaces, the loss of hydro
atom~s! and the C2H5→CH21C2H3 dissociation reaction
are the most common chemical reactions. At 25 eV, onl
few ions dissociate on the PS surfaces and the ions dep
intact in 70% of the trajectories. No ion dissociates on the
surfaces at 25 eV and the ions remain on the surface in o
10% trajectories. Small fragments of ions or radicals gen
ated in fluorocarbon plasma, such as CF2, are considered to
be important precursors to polymer film formation.25–28

Therefore, it can be inferred that ion energies of 25 eV ar
poor choice for thin film formation on PS because most
the incident ions remain intact.

The PS is stiffer than the PE because molecular moti
are hindered by the bulky phenyl rings. When the incide
ions hit the PS chains, the impact energy cannot be abso
through deformation of the chains as efficiently as is the c
in PE. Therefore, the impact energy is concentrated o
smaller part of the PS chains and leads to the dissociatio

TABLE I. Percentage of occurrence of the indicated events in the M
simulations of C3H5

1 deposition averaged over 80 trajectories.

PS PE

50eV 25eV 50eV 25eV

Simple scattering from the surface 2.2 27.5 7.5 77
Scattering from the surface with a
captured surface hydrogen

3.8 12.5

Embedding within the surface 22.5 51.3 6.3 3.
Incorporation with the surface 15.7 18.8 42.5 6.
Dissociation~losing one or more H
atoms!

27.9 1.3 13.8

Dissociation CH21C2H3 23.6 1.3 17.5
Dissociation CH31C2H2 1.1 3.8
Dissociation CH21C2H21H 4.5 3.8
Dissociation CH1C2H31H 3.4
Dissociation CH1CH21CH2 1.3
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 1. Percentages of the indicate
product species that remain bonded
carbon atoms in, or are embedde
within, the PS and PE surfaces at 5
and 25 eV. The results represent th
averaged data from 80 MD simulation
trajectories. ‘‘Bond’’ means that the in-
dicated species formed bonds with ca
bon atoms in the polymer substrate
on the time scales of the simulations
‘‘No-bond’’ means that the indicated
species were embedded in the polym
substrate but did not form covalen
bonds with carbon atoms in the poly
mer on the time scales of the simula
tions.
e
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is
at
ring
the incident ions more easily than on PE. This result agr
with the findings of other reports in the literature.21,29,30

Ions scatter from the surface in many more trajector
on the PE surface than on the PS surface. At 25 eV, the
are scattered away in 90% of the trajectories on the PE
face, whereas ions scatter from the PS surface in only 28%
Downloaded 04 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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the trajectories. As mentioned above, the PE chains can
commodate the impact energy by deformation through s
eral chain segments. The excess energy can then be d
pated through the whole surface in the form of heat, which
removed through the Langevin frictional forces in the he
bath atoms. The energy can also be removed by resto
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deformed chains to their original conformation that cau
the incident ions to scatter from the surface. This mechan
is not favorable for PS due to the lack of chain mobility.
50 eV, ions scatter from the surfaces in only 2% of the t
jectories on PS and 11% of the trajectories on PE. Some
abstract hydrogen atoms from the surface as they sc
away, especially on the PE surface. On the PS surface, i
incident ions detach hydrogen atoms from the surface car
atoms, they do not escape from the surface without disso
tion.

Figure 1 summarizes the number of ion fragments t
are bonded to, or embedded in, the PS and PE surface
and 25 eV 0.8–1.2 ps after deposition. The embedded f
ments penetrate the polymer surfaces but do not form co
lent bonds with the carbon atoms of the polymers on the t
scale of these simulations. Following the notation used in
previous paper, ‘‘C’’ and ‘‘H’’ represent carbon and hydroge
from the incident ion while ‘‘h’’ is hydrogen from the poly
mer surfaces.1,13 Overall, more fragments remain on the P
surface than on the PE surface. The exception is C3H5 ions,
more of which remain on the PE surface than the PS sur
at 50 eV. This is because more incident ions dissociate on
PS surface than on the PE surface@see Fig. 1~a!#.

Figure 1~b! shows that many more C3Hn fragments, gen-
erated from incident ions that lose one or some hydro
atoms, are deposited on the PS surface than on the PE
face. At 25 eV, there is no ion fragmentation on the PE s
face and only a few incident ions remain intact. This is b

FIG. 2. Average number of broken bonds in the PS and PE surfaces pe
trajectory as a result of C3H5

1 deposition at 50 and 25 eV. The results a
averaged over 80 trajectories.

FIG. 3. Averaged penetration depths of major species~C3H5 , C2Hn , CH2!
from the incident ions.
Downloaded 04 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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cause most of the ions scatter from the surface with
dissociation. In contrast, 70% of incident ions remain on
PS surface, but the majority of them are merely embedde
the surface because 25 eV is not enough energy for the
mation of new bonds with the surface atoms on the ti
scales of these simulations.

For the major fragments, C2Hn and CH2, similar
amounts are deposited on both surfaces as shown in F
1~d! and 1~f!. Slightly more C2Hn stay on the PS surface, bu
the amount of CH2 is almost the same on both surfaces.
previous work, we predicted that the CH2 fragments play an
important role in the cross linking of the PS surface.13 Ex-
cluding CH2, only a small number of fragments that conta
one carbon atom remain on either surface at 50 eV@Fig.
1~g!#.

The fragments that recombine with surface hydrogen
oms, C3Hnhm , C2Hnhm , and CHnhm , are more readily found
on the PS surface than the PE surface@Figs. 1~c!, 1~e!, and
1~h!#. This means that more hydrogen atoms are abstra
from polymer chains on the PS surface than on the PE
face. Figure 2 shows the average number of carbo
hydrogen and carbon–carbon bonds that are broken in
polymer as a result of the ion deposition. The number
broken bonds is almost the same for both polymers. As m
tioned earlier, PE is more effective at dissipating the ene
of impact than PS due to the increased flexibility of
chains. One might therefore infer that bonds in the PS s
face may be broken more easily than bonds in the PE
face. However, 67% of carbon–carbon bonds in the PS
face are in phenyl rings. The energy needed to break carb
carbon bonds in the phenyl rings is greater than that nee
to break single carbon–carbon bonds, such as are foun
the PE surface. Specifically, the calculated bond energy
single carbon–carbon bond is 3.69 eV while the calcula
bond energy of a conjugated double carbon–carbon bon
5.36 eV according to the reactive empirical bond-order p
tential used in the simulations.19 Therefore, the probability of
carbon–carbon bond dissociation in the PS is lower than
in the PE if the same energy is applied per carbon–car
bond. This property compensates for the effectiveness of
PE in absorbing the impact energy, and makes the num
of broken bonds almost the same for both polymers. T
partial saturation of the phenyl rings on the PS occurs in
quently in the simulations. The vast majority of the intera
tions of the ions or ion fragments with the phenyl rings res
in broken rings or the substitution of the ion or fragment f
the phenyl hydrogen atoms. This is consistent with kno
aromatic chemistry31 that shows that partially saturated ph
nyl rings are unstable and usually go back to a resona
structure spontaneously by removing a hydrogen atom
substituent species.

The number of carbon–hydrogen bonds broken sho
be larger in PS than PE because the probability of carbo
carbon bond dissociation in PS is less for the same t
number of broken bonds. This explains why more hydrog
atoms are detached from the PS surface than the PE sur

Figure 1~i! summarizes the total amount of carbon d
posited on the PS and PE surfaces averaged over th
trajectories at 50 and 25 eV. The amount of carbon depos

D
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on the PS surface is larger than on the PE surface, but
number of carbon atoms from the incident ions formi
bonds with surface carbon atoms is larger on the PE sur
at energies of 50 eV. When one carbon–carbon bond is
ken, two reactive sites are formed in the polymer cha
whereas only one reactive site is made after breaking
carbon–hydrogen bond. Since carbon–carbon bond disso
tion is more favorable on PE than PS, incident ions or fr
ments can form bonds with surface carbon atoms more ea
on the PE surface. At 25 eV, most of the carbon deposited
the PS surface is in the form of intact incident ions, and o
a small amount of carbon remains on the PE surface bec
most of the incident ions are scattered away.

Figure 3 shows the average penetration depth for
ions or significant ion fragments in PS and PE at 50 and
eV. The figure indicates that all three species penetrate m
deeply into the PE surface than the PS surface at 50 eV
has better chain mobility than PS so that ions or fragme
can squeeze into the PE substrate more easily. At 25 eV
average penetration depth of the ions is smaller in PE t
PS. However, the number of ions remaining on the PE s
face is very small~10%! compared with the number of ion
on the PS surface~70%!. Therefore, the number of ions ne
the surface cannot be larger in PE than in PS.

IV. CONCLUSIONS

This computational study shows that the C3H5
1 ion depo-

sition process to produce precursors for thin-film growth
more effective on the PS surface than on the PE surface,
deposition at 50 eV is more effective than deposition at
eV. More ions dissociate and remain on the PS surface,
more ions and fragments remain in a shallow region of
PS surface. In particular, at 25 eV the ion deposition proc
on the PE surface is very inefficient because 90% of
incident ions scatter from the surface. However, the amo
of total carbon deposited on the PE surface is not m
smaller than the amount deposited on the PS surface.
amount of major fragments (C2Hn and CH2! deposited on
both surfaces at 50 eV is almost the same.

A minor property of the PE substrate expected from o
results is that relatively more carbon–carbon bonds are
ken by ion deposition on the PE surface than on the
surface. This bond breaking can affect the mechan
strength of the substrate. However, it can also lead to
formation of reactive sites to which incident ions or ion fra
ments can attach.

Thus, the simulations illustrate the atomic-scale mec
nisms responsible for the differing surface modification
fects of C3H5

1 deposition on crystalline PS and PE surfac
These mechanisms would be expected to be found in m
Downloaded 04 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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