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Classical molecular dynamics (MD) simulations are used to study the effect of continuous hydrocarbon
(HC) and fluorocarbon (FC) ion beam deposition on a polystyrene (PS) surface. Plasma processing is
widely used to chemically modify surfaces and deposit thin films, and it is well-accepted that polyatomic
ions and neutrals within low-energy plasmas have a significant effect on the surface chemistry. Here a
comparison is made of the manner in which polyatomic FC ions and similarly structured HC ions react
with PS and produce new structures. Specifically, the deposition of beamglef, CH;™, C3Fs™, and
CK* on PS surfaces at experimental fluences is considered. The simulations predict that the backbone
chains are modified significantly more than the phenyl groups and that larger ions with lower velocities
and larger collision cross sections modify the substrate to a shallower depth than smaller ions with higher
velocities, even though all their incident kinetic energies are the same. Additionally, HC ions dissociate
more readily than FC ions during deposition. Consequently, smaller HC ions are predicted to chemically
modify the polystyrene to a greater extent than larger HC ions or FC ions.

Introduction Here, classical molecular dynamics (MD) simulations are
L o . carried out to study the continuous deposition of FC ions
Plasma processing is W|dgly useq in industry to modify (CsFs* and CE*) and HC ions (GHs" and CH*) onto
surfaces or to deposit functional thin films. For example, polystyrene (PS) surfaces at experimental fluences. The goal
quor_ocarbon (FC) pl_asmas_ are commonly used to 9row s to investigate the differences in the ways in which these
quo_rmated po!ymer _f|Ims \_N'th high thermal and cher_nlgal polyatomic ion beams chemically modify the PS. Specifi-
resistance, high dielectric constants, and low friction oy the chemical products that are produced, their penetra-
coefficients:™ Hydrocarbon (HC) plasmas are typically used i, 7 qenths into the PS surface, their reaction with the PS
to prodL_Jce thin films with hlgh hardness and particular backbone chains and phenyl groups, and the amount of
electronic band gap characteristics. overall cross-linking in the PS are determined. These results
Itis well-accepted that polyatomic ions and neutrals within  gre analyzed with respect to the relative sizes of the ions
low-energy plasmas have a significant effect on the surface g the strengths of their interatomic bonds.
chemistry induced by plasma. Mass-selected ion beam
deposition isolates the effect of polyatomic ions and inves- Computational Details
tigates their contributions to the chemical modification of  The MD simulations numerically integrate Newton’s equations
the surface. In addition, computer simulations of mass- of motion with a fourth-order Nordsieck predictor-corrector algo-
selected ion beam deposition provide important details aboutrithm,13 and the atoms in the system are allowed to evolve with
the chemical reactions that occur during this process thattime in response to the applied forces. The short-ranged atomic

are both complementary to experimental data and difficult interactions are calculated using the second-generation reactive
to obtain directly in the experiments?? empirical bond order (REBO) potential for hydrocarb&nand
fluorocarbons?® while the long-ranged atomic interactions are
calculated using a Lennard-Jones (LJ) potential. The REBO and
LJ potentials are connected smoothly by spline interpoldfion.
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Figure 1. Snapshots of the side view (left) and top view (right) of the pristine PS surface after equilibration and prior to polyatomic ion beam deposition.
The dark blue color represents carbon atoms in the active region, the light blue color represents hydrogen atoms in the active region, the dark red colo
represents carbon atoms in the thermostat region, and the light red color represents hydrogen atoms in the thermostat region.

Unlike molecular mechanics models, the REBO potential is able incident ions are rapidly neutralized as they approach the surface.
to predict new bond formation and bond breaking, both of which These potentials are thus expected to provide qualitatively correct
are crucial to accurately model the processes that occur inresults and important insights into the chemical modification of
polyatomic ion beam deposition. Since it was developed, it has polymers by mass-selected polyatomic ions.
been successfully used to obtain insight into various processes that A snapshot of the PS surface used in the MD simulations is
involve chemical reactions at surfaces, such as moleaugace shown in Figure 1. It is made up of eight layers of syndiotactic PS
collisions}"~22 cluster-beam surface depositi#i#* growth of chains, with six chains per layer. These chains are aligned along
diamond-like carbon films by hydrocarbon ion beah&,etching the short side of the surface slab (which is 30 A) such that 12 repeat
of Si surfaces by FC ion beari$3! and the chemical vapor  ynits (-CH,—CHGCgHs—) fit within this length. The long side of
deposition of diamon& However, because of the empirical and  the surface slab is 52 A wide, the thickness normal to the surface
classical nature of the REBO potential, electronic effects, such asijs 56 A, and the total number of atoms is approximately 10 000.
electronic excitations or true charging of the atoms, are not included. periodic boundary conditiofsare applied within the surface plane
Therefore, ions with positive charges are treated as reactive radicalsto mimic an infinite surface. Every PS chain ends at the boundary

Truly charged ions might be expected to react more aggressivelyto effectively wrap around on itself such that there are no surface
than the simulated radicals. However, it is also true that many sjab edge effects.

To maintain the system temperature at 300 K during deposition,
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and after every five ions are deposited, the entire system is PS surface. On the other hand, botsHE™ and CH™ ion
equilibrated for 3.4 ps to maintain the surface temperature at aroundpeam depositions result in substantial surface swelling. The
300 K. After the ion beam deposition process is complete, each mechanism by which the GH causes swelling is comparable
system is further equi.librated for 25 ps at which point the system g the mechanism by which the €Fon does so. However,
potential energy again fluctuates by 0.0033 eV/atom around a unlike CsFs*, most of the GHs" ions accumulate near the

constant value with time. The FC ion beam deposition results are Lo
the same as those discussed by us previdusijth additional top of the .PS Surf.ac.e rather than penetrating into the PS,
thus effectively building up the surface.

analysis of the chemical modification of the PS surface to better i i _ N
facilitate a comparison with the new HC ion beam deposition  The depth profiles of incident C, H, and F atomic densities

results. The time step used in all the simulations is 0.20 fs. in the PS after each deposition process is complete are
illustrated in Figure 3. The figure indicates how the overall
Results and Discussion density of HC products is larger than the overall density of

o FC products. In other words, the HC ions, or their fragments
_There are no distinct, new fluorocarbon or hydrocarbon o hroqucts, are most likely to remain in the PS and either
films formgd as a result of polyatom|cl|on beam _depos_mon form chemical bonds with the polymer chains or simply
over the time scales of these classical MD simulations. remain embedded in the PS surface over the time scales of
However, ion fragments and aggregates of fluorocarbons andihese simulations. In contrast, the FC ions, or their fragments
hydrocarbons are generated that are consistent with experi, products, are more likely to scatter away from the PS

mentally>™¢ observed precursors to the growth of fluoro- g, face following deposition. The total density of deposited

carbon or hydrocarbon thin films. For example, common ¢ 41oms from the ions is therefore predicted to be higher in
experimentally observed precursor particles that are predictedy,o case of HC polyatomic ion beam deposition than in the
to form in these simulations are small ion fragments, such .4qe of FC polyatomic ion beam deposition.

as>CE 22 (16(:\/'\_/&6.?”?;“9? ' a;g?regates ;.ufTha‘fﬁx - 2+ Figure 3 also reveals how the depth profiles of the products
y )- lle the simulations predict that thesid f the various ion beams differ from one anther. In most

lon beam produces the largest number of aggregate Chemicaiases the highest density of deposited atoms is at a depth

products (such as €l wheren > 3 andm > 5.)’ §|m|lar of about 15 A, and the distribution profile is a symmetric,
aggregates are formed for all the polyatomic ion beams bell-shaped curve. However, in the case gHg ion beam

conflderted hge, r\;]wlh tlhe GFbeam producing the smallest deposition, most of the deposited atoms remain very near
aggregates &, ! ) the top of the PS surface causing the depth profile distribution
Figure 2 shows the final structures of the PS surfaces aftertO be skewed and resemble half of a bell-shaped curve. This

the deposition of each of the four polyatomic ion beams. In result is consistent with the data shown in Figure 2 and
all cases, the PS surfaces swell as a result of the depOSitiorHiscussed above

process. However, the resulting structures are significantly
different after the deposition of the various ions considered.
In particular, in the case of s ion beam deposition,
chemical products form on and within the PS nearest the
topmost surface layers. In contrast, in the case of the
deposition of CH" ions, the chemical products are more
evenly distributed throughout the PS. For the cases®tC
and CR' deposition, the penetration profiles of ions and their

- n
fragments are 3|_m|lar to each other becausg'déns are products (about 33% of the total products) formed as a result
more reactive with the surface thanFg". T o
The simulati further indicate that th hanism b of CgHs" ion beam deposition are,B,, molecules, where
€ simulations further indicaté that thé mechanism by sg .y > 3 3nd 49> m > 5 (these numbers only include

Wh'Ch thggurfaﬁ%swfflls deper:dsscoﬁg thethe(rj the '.T.Cldentatoms from incident ions, although somgHz products bond
lons are FLS or LS. For example, nbeam deposition 4, ihe ps chains), and the most plentiful products formed as

gause'_st_muzh more stﬁrface sl;/velllmg ;hagF5C||on be.am. d ta result of CH* ion beam deposition are CH, GHand GH,,
eposition because the smaller 1on has a larger incloent, oo > 1. Thus, the HC ions dissociate or react with

velocity (corresponding to the same incident kinetic energy other atoms more readily than the FC ions, and the most

of 50 e}[//lct)rT) de’l t'hus, ItS aplet o t:ﬁns;esr mo;e km_?_tr'](.: plentiful products from the larger ions are themselves larger
energy fo the jocal Impact point on the surtace. "ThIS an the most plentiful products from the smaller ions.

kinetic energy leads to disruption of the PS ordering and . . . . .
causes the distances between the PS chains to increase. Th Another trend indicated in Figure 4 is that a higher fraction

CsFs' ion has a larger size and mass and, therefore, a Iower?(? the ;;]rodl_Jctls tf)orn;ed gfhaﬂ:esggthp ion b(tehamtldeposmlo n
incident velocity. Consequently, it transfers less kinetic orm chemical bonds wi € chains on the ime scales

energy to the impact point and leads to less swelling of the of the_sg S|mulat|ons than in the case of FC ion b_eam
deposition. In particular, 50.5% of all of the chemical

products form bonds with the PS substrate as a result of

Figure 4 illustrates the chemical products (including ions
and ion fragments) formed after ion beam deposition. The
most plentiful product formed as a result offg" ion beam
deposition is GFs, and the most plentiful products formed
as a result of CF ion beam deposition are GRand CF.
These results are explained by the strong caftituorine
interatomic bonds in the FC ions. The predictions for the
HC ions are quite different. In particular, the most plentiful

(33) Fujita, K.; Ito, M.; Hori, M.; Goto, T.Jpn. J. Appl. Phys., Part 1

2003 42, 650-656. CsHs' ion beam deposition, and 65.4% of all of the chemical
ggg Meie}? Md: I\{OR Ktjudetljl, \/XIJD- Chesm-fF’gysgggi %6251125%5136. products form bonds with the PS substrate as a result gf CH
von Keudell, A.; Jacob, 2r0g. Surt. Sci 3 —o4. . s 0
(36) Schwarz-Selinger, T.; von Keudell, A.; Jacob, WAppl. Phys1999 ion beam deposmon. In contrast, Only 19.7% of all the

86, 3988-3996. chemical products form bonds with the PS substrate as a
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Figure 2. Snapshots of the PS surface after deposition and equilibration. (a) PS surfaceffteio@ beam deposition. (b) PS surface aftesCien beam

deposition. (c) PS substrate surface aftgil4€> ion beam deposition. (d) PS surface aftersClibn beam deposition. In a and b, the orange color represents

F atoms from incident ions, the green color represents C atoms from incident ions, the gray color represents H atoms from PS surface, and theéblue and dar

blue represent C atoms from the phenyl C atoms and backbone C atoms, respectively, in the PS surface. In ¢ and d, the pink color represents H atoms from
incident ions and all other colors represent the same atom types as in a and b. The dotted red line represents the location of the top of the P& surface prio
to ion beam deposition.

result of GFs™ ion beam deposition, and 25.0% of all of the multiple ion deposition events to interact with one another.
chemical products form bonds with the PS substrate as aln contrast, in this study, it is possible, for example, for the

result of CRE"™ ion beam deposition. deposited @Hs™ ions to form bonds with Ckproducts on
The quantitative results forg8s™ deposition differs from  the substrate and thus grow larger species.
the results of our previous studywhich considered the While all the polyatomic ions have the same incident

deposition of many individual §is* ions on pristine PS  kinetic energy of 50 eV, they have different masses and
surfaces. That study predicted that the major (about 30% ofvelocities. The simulations indicate how the ions’ masses

the total) chemical product issHs, that 50% of the gHs and velocities influence the results of the deposition process.
products form chemical bonds with the PS, and that 90% of Specifically, they show that the ions with higher velocities
the second most commonly formed species,,Ciorm cause more damage to the PS surface. Furthermore, the ions’

chemical bonds with the PSThese differences are because mass and overall size affects their collision cross section with
the previous study considered a statistical analysis of manythe surface. This too influences the transfer of energy to the
individual GHs* ions deposited onto a pristine PS surface PS and penetration into the surface. Figure 5 illustrates the
rather than the continuous deposition of ions onto the samepredicted penetration depths for the various chemical prod-
PS surface. As a result, there were no opportunities for theucts formed by the various ions (zero penetration depth
accumulation of damage or for the chemical products of means that the products remain at the top of the PS surface).
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In general, the products that form chemical bonds most PS, they are trapped by the bonding and cannot go any
readily with the PS have shallower penetration depths. In deeper. However, in the case of ¢Hon beam deposition,

the case of gHs" ions, their fragment and resulting products the ions’ high velocity and small mass cause them to
show shallower penetration depths thagr{ ions and their penetrate deeply into the PS until their kinetic energy is
products. This is because once the products bond with thedissipated enough that they are able to form stable bonds.
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Figure 5. The penetration depths of the various chemical products formed aftegRe),Cb) CR*, (c) GHs™, and (d) CH* ion beam deposition. Negative
depths represent swelling of the surface.

Table 1. Percentage of Intact PS Chains as a Function of Depth

Thus, a large fraction of the resulting products form covalent Following the Deposition of the Indicated Polyatomic lon Beams

bonds to the PS chains and do so at a significant penetration

depth depth (A) GFs* CFRs* CsHs* CHs*
L . . 0-7 0% 25% 0% 0%
Examination and comparison of Figures 4 and 5 also 7-14 2504 250 25% 0%
reveals where the majority of the chemical products formed ;411—;1; 183‘;//0 1%?)? 11(())%/; 2?)?;)
1 1 H — 0 0 0 0
remain in the PS substrate. For example, in the casgrefC 58-35 100% 100% 100% 100%

ion deposition, the majority product,sks, bonds with the
PS abot9 A from the top of the PS surface. In the case of Table 2. Percentage of Intact Phenyl Rings as a Function of Depth
CFs" ion deposition the majority products ¢End CK Following the Deposition of the Indicated Polyatomic lon Beams

also form bonds with the PS chains around 10 A from the __depth (A) GFs" CR* CaHs” CHs"
top of the PS surface. This suggests that the FC ions 70—11 ég‘(’f gz;f 491?)//0 55‘;//0
effectively fluorinate the PS. In the case ofHg" ion 1421 100% 60% 90% 20%
deposition, the majority product,.8, form bonds with the 21-28 100% 100% 100% 32%
PS aroud 5 A from the top of the PS surface. Some 28-35 100% 100% 100% 50%

products, such as4#m, form bonds above the initial PS  and a slower incident velocity, which allows them to be
surface line. This implies that " ion deposition is  scattered easily. The predicted trend in degree of modification
effective for growing HC thin films on the PS substrate. of ps hackbone chains for the ions considered here ig'CH
However, in the case of Gf1ion deposition, the results are > CR* > CFst > CaHs™.

qu|te different. As a result of the fact that the QHOH IS Table 2 shows the percentage of intact pheny| rings as a

the smallest ion and has the largest velocity, most of its fynction of depth after deposition. The extent of modification
modifications occur deeper than the other ions at 13 A. This of phenyl rings from strong to weak is GH> CFy* >

indicates that Ckf ions are not as effective as the other c,r+ > C,;Hs, which is the same trend deduced from Table
ions considered here at concentrating their chemical modi- 1, However, compared to Table 1, the depth of modification
fication near the topmost part of the PS surface. of the phenyl rings is significantly shallower than in the case
The simulations further allow us to examine the details of the PS backbone chains in general. This result makes
of the PS chain modification as a result of polyatomic ion sense, as the carbergarbon conjugate bond is stronger than
beam deposition. Table 1 shows the percentage of intact PShe carbor-carbon single bond, so PS backbone chains are
backbone chains as a function of depth after deposition. In more easily modified, on average, than the carbcarbon
general, in the case of large ions, damage to the PS chaindonds in the phenyl rings.
is shallower than in the case of small ions. This is because This point is confirmed in Table 3, which shows the
the larger ions collide with more atoms in the PS once they number of backbone carbon atoms and phenyl ring carbon
impact the surface. They also have lower velocities relative atoms that have undergone chemical reactions with incident
to the smaller ions. In other words, they have a shorter meanions. At first glance, it appears that the phenyl ring carbon
free path within the polymer, a larger scattering cross section, atoms are modified more than the backbone carbon atoms.
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Figure 6. The distribution of molecular weights of chemical products in the PS aftes"CEtHs", CR*, and GFs™ ion beam deposition.

Table 3. The Number of Backbone Carbon Atoms and Phenyl Ring HC ions, and thus it is more efficient at modifying phenyl
Carbon Atoms from the PS Surface that Have Undergone Chemical i than other kinds of incident ions. This is because it is
Reactions with the Incident lons or Their Products . . .
able to transfer more of its kinetic energy to the phenyl ring

type of C atoms

that have reacted £ CR' CHs* CHs* through elastic collisions and chemical reactions, whereas
# of backbone C atorms 3 15 1 =0 the HC is more I|_kely to bounce back or dissipate its kinetic
# of phenyl ring C atoms 16 46 53 134 energy by breaking apart. On the other hand, thg'Gbhs
# of phenyl ring C atoms/# of 5.3 31 4.8 2.7 are less effective at modifying the phenyl rings but are quite

backbone C atoms effective at modifying the PS backbone chains.

However, there are 2.8 times more phenyl ring carbon atoms After the ion beam depositio_n and equilibration processes
than there are backbone carbon atoms prior to ion beam@'® complete, the polymer chains or fragments that make up
deposition. If we calculate the occupation volume of both the modified PS surface, containing both original PS atoms
kinds of carbon atoms in the substrate, the volume that the@nd atoms from the incident ions, are analyzed and their
phenyl ring carbon atoms occupy is approximately 9.3 times Molecular weights are calculated individually. Figure 6
larger than the volume occupied by backbone carbon atomsllustrates the molecular weight distribution of chemical
(as determined from a hard sphere model). This means phenyProducts in the PS formed after the polyatomic ion beam
carbon atoms are 9.3 times more likely to collide with an deposition processes are complete. Prior to deposition, the
incoming ion or ion fragment than backbone carbon atoms, Molecular weight of one PS chain within the active region
Therefore, if the modification strength is the same for phenyl ©f the PS surface (shown in blue in Figure 1) is 8850

ring carbon atoms and backbone carbon atoms, 9.3 times a§/mole (within each periodic boundary condition cell). After
many phenyl ring carbon atoms should react as backbonedeéposition and equilibration, numerous small molecular
carbon atoms. However, column three in Table 3 indicates Weight chemical products are formed from the dissociation
that the ratio of reacted phenyl ring carbon atoms to backbone®f ions and damage to the PS chains. If we look at the high
carbon atoms ranges from 2.7 to 5.3. Thus, we may concludeMolecular weight region (above 700 g/mole), which corre-

that backbone carbon atoms are modified more readily thanSPONds to only minor damage to the pristine PS chain, large
the phenyl ring carbon atoms. incident ions, such as#8s" and GFs*, produce more high

molecular weight chemical products that remain in or on the
PS surface than the small incident ions. This result is
consistent with data shown in Tables 1 and 2.

The exact ratio of reacted phenyl ring carbon atoms to
backbone carbon atoms also varies among the different
incident ions. This indicates that the ability to modify the . ] ]
phenyl ring carbon atoms or the backbone carbon atoms Some large molecular weight species (more than twice as
depends to some extent on the properties of the ions. Inlarge as one pristine PS chain) are also formed after the HC
particular, the ratio is about 5.3 forsE* deposition, 3.1 ion beam deposition processes (see the insets in Figure 6).
for CFs* deposition, 4.8 for gHs* deposition, and 2.7 for These chemical products are indicative of the greater cross-
CHs* deposition. The larger ions are better able to modify linking between PS chains and the greater degree of bonding
phenyl ring carbon atoms than small ions. This is especially of chemical products to the PS chains as a result of HC ion
true in the case of the £s*, which is the heaviest ion ~b€am deposition compared to FC ion beam deposition.
considered here. It has a larger mass and its carfloorine Figure 7 displays the density of cross-linked points as a
bonds are stronger than the carbdrydrogen bonds in the  function of depth within the PS surface. Here, a cross-link
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Figure 7. The density of cross-linked points as a function of depth in the PS surface aftér Citls™, CR*, and GFs* ion beam deposition. The depth

increment in the direction normal to the plane of the surfacé & corresponds to approximately one layer of PS chains. The zero point is the original
surface plane, and negative depths are indicative of PS surface swelling.

point is defined as a new chemical bond that is formed to velocities affect the depth of the chemical modification within
PS backbone chains, PS backbone fragments, or PS phenythe PS, such that the larger the size of the ion, and the lower
ring fragments. The results indicate that, overall, HC ion its velocity, the shallower the modification. In the case of
beams produce higher PS cross-link densities than FC ionthe FC ions, the carberfluorine bond is strong, and so these
beams. Furthermore, comparison ofHg" and CH* ion ions are not easily broken apart during deposition. However,
beam deposition processes indicates thédsCion-produced  in the case of the HC ions, the carbemydrogen bond is
cross-links are close to the top of the PS surface and extendhot as strong, and so these ions are more readily broken into
outward from the original surface plane. Thus, these resuItSfragmems on deposition. This causes the HC ions to more
predict that GHs" ion beam deposition on PS surfaces will eadily react with the PS surface than the comparable FC
make these surfaces stronger and more brittle. The"CH jons The simulations predict that more than 50% of the
ion-produced cross-links are located further away from the -hemical products produced in the HC ion beam deposition
initial surface of the PS, around the fourth and fifth layers. .,cesses form chemical bonds with the PS, while less than
In contrast,_ the FC lon beam_ d_eposmon Processes Only25% of the chemical products produced in the FC ion beam
gene:\rrz_ite slight cross-l_mkmg within the PS. However, the deposition processes form chemical bonds with the PS. The
CsFs” lons also cross-link the PS on a shallower level than ;. - vions furthermore provide details of how the PS surface

the CR" ions. In short, HC ions are much more efficient at is modified by the deposition of these ions and predict cross-
cross-linking the PS than the FC, and in each case the larger, y P P

) . . : link profiles for the various ion beams considered here.
ions produce more shallow cross-links, while the smaller ions

produce deeper cross-links. This study thus provides a clear understanding of how
differences between similarly structured FC and HC ions
Conclusions deposited in beams chemically modify PS surfaces. It also

We h . . dth f ECHi 4 HC- identifies likely mechanisms that are responsible for the
e have investigated the process o -ion an -ioN Jp<erved outcomes.

beam deposition on PS surfaces and the way in which these

polyatomic ion beams chemically modify the surface. The
amount of resulting modification is influenced by the size fAr]cknow!edglrner?t. We gratedful!y acknowledge the support
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strengths. In particular, the size of the incident ions and their CM052557P



