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The chemical modification of polystyrene through the deposition of a beam of polyatomic fluorocarbon ions
(CsFst and CR™) at experimental fluences is studied using classical molecular dynamics simulations with
many-body empirical potentials. To facilitate these simulations, a neW-€F potential is developed on the

basis of the second-generation reactive empirical bond-order potential for hydrocarbons developed by Brenner.
Lennard-Jones potentials are used to model long-range van der Waals interactions. The incident energy of
the ion beam is 50 eV/ion, and it is deposited normal to the surface. The simulations illustrate the important
differences in the chemical interactions of these polyatomic ions with the polystyrene. thdo@F are
predicted to be more effective at fluorinating the polystyrene thg®'Cons, and the dissociation of the

C3Fs™ ions produce long-lived precursors to fluorocarbon thin film nucleation.

Introduction Computational Details

C—H~—F Potential. The C-H reactive empirical bond-order

Plasma treatments are widely used to chemically modify the (REBO) potential developed by Brenner was devised from the
surfaces of a variety of materials, including biomaterials, Abell—Tersoff bond-order potent##24 and has been success-
semiconductors, and polymers. It is therefore somewhat surpris-fully used to obtain insight into various processes such as
ing that there is much that is not known about the chemistry by molecule-surface collisions, clustersurface impacts, and the
which treated surfaces are modified, largely because of the chemical vapor deposition of diamorié25-31 To develop the
difficulties in monitoring the process experimentaly. Com- C—H—F potential described here, two-body parameters foFC
putational methods such as molecular dynamics (MD) simula- and F-F interactions are adapted from the potential developed
tions are therefore an important approach to the enhancemenby Graves and co-workef333 and the H-F interaction
of our understanding of the chemical processes involved in parameters are determined from calculations using the semi-
plasma surface treatments, especially to determine the effect ofempirical AM1 approack*35The chemical binding enerds,

major components of the complex plasma environmént3 is determined using the following equation:
Fluorocarbons are one of the most commonly used materials

in plasma treatments of surfaces. For instance, fluorocarbon E,= z [VR(ri]-) — bijVA(rij)] (2)

plasma treatment has been used for reactive ion etching of T

silicon dioxide during the fabrication of semiconductor devices ) o )

and for fluorination of polymer surfaces to produce films with WhereVg(r) andVa(r) are pair-additive interactions that model
high thermal and chemical resistance, high dielectric constants,the interatomic repulsion and attraction from electrefectron
and low friction coefficientd41° The experimental deposition ~ @nd nuclearnuclear repulsion and electremuclear attraction,
of mass-selected fluorocarbon ion be&Afs2has proven to respectlvely. The quantity; is the d.lstance between pairs of
be a useful way of determining the chemical effects associatedN€arest-neighbor atomandj, andby; is a bond-order term that

with polyatomic ions in low-energy fluorocarbon plasma surface t@kes into account the many-body interactions between atoms
treatments. andj, including those due to nearest neighbors and angle effects.

The functions used fovr(r) andVa(r) are the same as those
used in the second-generation version of the REBO potential
developed by Brenner and co-workers for hydrocartFdns:

In this study, MD simulations of the deposition of a beam of
polyatomic fluorocarbon ions onto polystyrene (PS) surfaces
are performed at experimental fluences to obtain insight into
the mechanisms responsible for fluorocarbon thin film growth

and the fluorination of the polymer. To facilitate these simula- VR(r) = fc(r)(l + Q)Ae"j‘r 2
tions, a new &H—F many-body empirical potential is devel- r

oped on the basis of Brenner's second-generation reactive V,(r) = f(r) Bne’ﬂ"r (3)
empirical bond-order (REBO) potential for hydrocarbéhghe neT3

details of this potential are presented in the next section,
followed by a discussion of the simulation conditions, simulation whereA, B, Q, a, andf are two-body parameters. Some of
results, and conclusions. these are adopted from the-€l second-generation REBD,
and some are adopted from the-E and FF potentials
*To whom correspondence should be addressed. E-mail: sinnott@ developed by Graves and co-workétsll of the parameters
mse.ufl.edu. used here are given in Table 1. The functign) is also adopted
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TABLE 1: Two-Body Parameters Used in Equations -4 and &

Jang and Sinnott

c-C C—H H—H C—F F—F H-F
A(eV) 10953.54416 149.940987 32.817356 909.2022 16451.97 887.0513
B1(eV) 12388.79198 32.355186 29.632593 219.7799 146.8149 571.1737
B, (eV) 17.567406 0 0 0 0 0
Bs(eV) 30.714932 0 0 0 0 0
Q(A) 0.313460 0.340776 0.370471 0 0 0
a (AY 4.746539 4.102550 3.536299 3.7128 6.8149 3.7789
P(A7Y 4.720452 1.434458 1.715892 2.1763 2.8568 3.0920
B2 (AY) 1.433213
Ba(A Y 1.382691
Dmin (A) 1.7 1.3 1.1 1.7 1.7 1.3
Dmax(A) 2.0 1.8 1.7 2.0 2.0 1.8
Re 1.09 0.7416 1.2718 1.4119 0.9378

a parameters for €C, C—H, and H-H are adopted from the second-generation REBO potential developed by Brenner and co-tyankers,
C—F and F-F parameters are adopted from the EEpotential developed by Graves and co-workefs.

TABLE 2: Values of P from Equation 6 at the Integer Points Used for Cubic Spline Interpolatior?

NH NC NF Pcc i NC NF Pch N NC NF Pcr
0 0 2 0.00881 0 0 1 0.20934 0 0 1 0.19024
1 0 1 0.00347 0 0 2 —0.05233 0 0 2 0.34857
0 0 3 0.00191 1 0 1 —0.05912 1 0 1 0.33900
1 0 2 —0.00855 0 0 3 —0.28246 1 0 0 0.19024
2 0 1 —0.00577 1 0 2 —0.29589 2 0 0 0.32997
0 1 1 0.00341 2 0 1 —0.30337 0 0 3 —0.30393
0 1 2 —0.00030 0 1 1 —0.12567 1 0 2 —0.31297
1 1 1 —0.00068 0 1 2 —0.28383 2 0 1 —0.31401
0 2 1 0.00153 1 1 1 —0.29783 3 0 0 —0.30555
0 2 1 —0.31230 0 1 0 0.35000
0 2 0 0.40311
0 1 1 0.13292
1 1 0 0.13300
0 1 2 —0.29218
1 1 1 —0.29100
2 1 0 —0.27497
0 3 0 0.06844
0 2 1 —0.20259
1 2 0 —0.18290

aFor Pcr, the values that are not listed are equal to zero.

from the second-generation REBO potential and limits the range whereG(cos@jx)) controls the influence of the nearest neighbors
of the covalent interactions to ensure that the interactions includeon the bond order according to the bond angle among atoms
only nearest neighbors within a certain range of distances, whichj, andk andA is a fitting parameter used to describe three-body
are determined by eq%4.

fc(rij) =1
iy = LT 04 DTV D)
fo(rj) =0

r < Dirjmn

r > D>

D;}win <r< D;}wax (4)

where the tererE“aX — D{]-”i” defines the distance over which

the function varies from 1 to 0. The values Df*@x and DM

are shown in Table 1.
The bond-order term is calculated using

1 O—IJT O— T T
bij = E[bij + bji 1+ bij

®)

transition states around H and F atoms. The samalue of
4.0 is used for F and H atom$and4 is zero for C atoms. The
function P is a correction term that accounts for the different
chemistry of C, H, and F around atdmn particular, the values
of N, NI', andNF represent the number of C, H, and F atoms,
respectively, that are nearest neighbors of aitoite function
P is not defined analytically, but the values are determined by
cubic spline interpolation with some predetermined values. In
this work, some new parameters are generated fdP fhection
to include the effect of F atoms. Values at the knots for spline
interpolation are determined using the semiempirical AM1
method*3° by fitting to atomization energies of model struc-
tures, and the parameters used for Bhfeinction for hydrocar-
bons only are unchanged from the values in the second-
generation REBO potentiél. The values used to generate the
new parameter sets are given in Table 2.

The functionb;l7 in eq 5 is introduced to describe conjugated
systems, radical character, and the influence of dihedral angles

whereb] ™™ andb] " represent the local coordination and bond in C—C double bonds: It has the form
angles of atoms andj, respectively21-26 The functional form

is the same as that in the second-generation REBO but is

modified to allow for F neighbors:

b~ = [1+ " f(ri) Gleos@y))e " =~ =Rl

k(=1,j)

PN, NC, N2 (6)

bjf = TI5¢ + 11" @)

whereHi?C describes conjugated systems and radical character
between atoms andj as

ITFC = Y, (N}, N, Ng°"' (8)



MD Simulations of Polystyrene Modification

TABLE 3: Atomization Energies of Various Molecules
Calculated with the New C—H—F Potential and the

J. Phys. Chem. B, Vol. 108, No. 49, 20043995

TABLE 4: Surface Density of Indicated Species that
Remain Bonded to Carbon Atoms In, or Are Embedded

Semiempirical (PM3) Method? within, the PS Surfaces after GFs™ Depositiornt
C—H-F semiempirical density (< 10t*cm™2)
molecule REBO (eV) (PM3) (eV) covalently bonded embedded
CRs* 19.81 20.44 CaFs 6.1 241
CHFR* 19.48 19.15 : -
CHoF7* 19.08 18.06 CoPn (except GFy) 30 30
CHgF* 18.63 17.34 2 ; :
CFs* 14.70 15.65 Ch 10.6 9.1
CHR* 14.28 14.63 CF 15 15
CH,F* 13.84 13.68 CiFm(n > 3,m>5) 0 6.1
CoFe* 33.07 33.50 F 4.6 13.7
g:FégHFé** gigg gégg a“‘Embedded” means that the species are simply embedded in the
C FZ* H 25'89 25'39 surface on the time scales of the simulations.
24 . .

gl—'|:F*CHF " 12852270 1265€§ TABLE 5: Surface Density of Indicated Species that
CT—|E:F 17.92 17 11 Remain Bonded to Carbon Atoms In, or Are Embedded
CRCFChR 34.63 3279 within, the PS Surfaces after CR* Deposition
CR,CFCR, 39.13 39.12 density (< 101 cm™?)
CFCFC 33.66 34.12
CFZCCFE& 34.05 34.23 covalently bonded embedded
CRCFCF; 46.21 46.74 CFs 0 7.6
CH,FCHFCHR, 4491 43.13 CF; 19.8 36.5
CRCFR,CFCR; 59.22 59.98 CR, 38.0 24.3
CRCFCFCER 52.33 52.68 CF 4.6 0
CH,FCFCHCHE, 51.29 49.70 CF, 4.6 10.6
CHR,CHFCHFCHF 57.77 55.67 = 109.4 13.7
CeF12 (cyclo)* 77.74 79.51 F, 0 15
CeHeFs (cyclo)* 76.96 74.98
CsFs (cyclo) 59.44 59.30

aMolecules indicated wit a * were included in the potential
development.

and TTI;"" depends on the dihedral angles in-C double
bonds?! The values of the functioM are determined by tricubic
spline interpolation as functio®. N; and Nj are the total
number of neighboring atoms around atdrasdj, respectively,

regardless of their typ@,\lwnJ depends on local conjugation and

is expressed as

carbon carbon

NPT =14 Y flrid FOuIP+ 1Y flry) Fol* (9)
k(1)) I=1))
Xi = Ny = Fo(ra) (10)
F) =1 X <2
=[1+ coq2r(x — 2)}]/2 2<x<3 (11)
=0 x>3

The termH:jDH in eq 7 has zero value if either ataror j is not
carbon. It has the form of

HDH T t Nt Nconj)[ (Z _
kLI ])

o (@) H(r) f(r)] (12)

where®j = gikgj and values of the functiofi are determined
by tricubic spline interpolation. Functiorey ande; are unit
vectors in the direction of the cross produBs x Ri andR;

x Ri, respectivelyR; is a vector that connects atorpsnd
i_21

TABLE 6: Yield of Scattering Species for CR* Depositiort
species Ck CR CF R F
yield (%) 33.0 235 2.0 2.0

an>1, m> 2.

CiFm
10.8 4.8

TABLE 7: Yield of Scattering Species for GFs™ Deposition
species @s GCsfy GCiFs CF, CR CF F
yield(%) 325 38 146 75 208 58 88

the energies obtained by semiempirical (PM3) calculations. The
discrepancy between two sets of data is not larger than 10%
for these molecules. Bond distances and bond angles have also
been checked, and the differences are less than or equal to 10%.

Simulation Details. The MD simulations numerically inte-
grate Newton’s equations of motion with a third-order Nordsieck
predictor correctdf using a time step of 0.2 fs. Short-range
interatomic forces are calculated using the newH:-F
potential. Long-range van der Waals interactions are included
in the form of a Lennard-Jones potentfahat is active only at
distances greater than the covalent bond lengths.

Because of the empirical, classical nature of these potentials,
electronic effects such as electronic excitations or charging of
the atoms are not included. Therefore, ions with positive charges
are treated as reactive radicals rather than true ions with an actual
charge. This approach assumes that the incident ions are rapidly
neutralized as they approach the surface. The spontaneous
neutralization of ions on an insulating surface may not be as
intuitive an assumption as it is on a conducting surface.
However, the neutralization of ions on insulating surfaces is
possible by the Auger proce¥s* Experimentally, charge build-

In b,’f a fluorine atom can be described in the same way as up on the surface is a more significant problem that can be
a hydrogen atom. Therefore, the formulation of this function is negated by techniques such as electron beam irradiation. The
unchanged from the second-generation REBO and is unaffectedsimulations reported here, therefore, do not consider the

by the addition of F.

In Table 3, atomization energies of various molecules

calculated with the new €H—F potential are compared with

deceleration of ions by accumulated charge.
The polymer surface used in the simulations is syndiotactic
crystalline polystyrene and contains eight layers for a total
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Figure 1. Schematic representation of the PS substrate system.

thickness of 56 A. The total number of atoms in the system is Results and Discussion

approximately 10 000. The PS chains are aligned along the short N

side of the slab (30 A), and 12 repeat unitsQqH,—CHCsHs—) Figure 2 shows the PS models after the deposition of the
fit in this length. The three bottom layers of the surface and CsFs' and Ck" ion beams and the subsequent equilibration.
atoms within 5-10 A from the four sides of the slab have No distinct fluorocarbon film layers are predicted to form on

Langevin frictional and stochastic forééspplied to maintain ~ the time scales of these simulations. Rather, numerous fluoro-
the surface temperature at 300 K. This imitates the heat carbonions and dissociated ion fragments are embedded in the

dissipation process of real surfaces. The rest of the atoms inPS, some of which form covalent bonds to PS carbon atoms.
the system have no constraints and are designated as “active”The polymer backbone structures are randomized; consequently,
Periodic boundary conditioffsare also applied within the plane  their volume increases by ion bombardment. Because of the
of the surface to mimic an infinite surface. Figure 1 provides a higher incident ion velocities and consequently larger transfer
schematic representation of the PS surface system. of energy to the surface, GF ion deposition induces more
After the system is relaxed at 300 K for 3 ps, a beam of 240 disordering and swelling of the PS thagFe" ion deposition.
CsFst ions (CR—C*F—CF,) or a beam of 400 Gf ions is Surface etching yields are approximately the same for the two
deposited on the PS substrate with the dimensions shown inions at 0.26 C atom/ion and 0.29 H atom/ion fof¢" and
Figure 1. Each ion in the continuous beam is deposited at 0.28 C atom/ion and 0.31 H atom/ion for &FHowever, total
randomly chosen locations within the active region of the surface F uptake and deposition yield are higher forsCEhan for GFs"
at random orientations relative to the surface. The total kinetic at 4.29 x 10'® F atoms/cri and 5.12x 10 atoms/cm for
energy of the ions is 50 eV, and the incident angle is along the CsFs™ and CE", respectively. Deposition yields are 23.2% C
surface normal. In both cases, the total fluence is equal to 1.8and 23.5% F by € and 26.5% C and 28.1% F by €F
x 108 F atom/cm, which is the same as experimental values This result can be attributed to the size difference betweggC
corresponding to ion currents of 80 riAAfter the ion beam and CR* as well as the difference in their incident velocities.
deposition process is complete, the systems are equilibrated forln other words, more ions and ion fragments scatter away from
25 ps. the PS surface duringsEs™ ion beam deposition because of
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Figure 2. Structure models of PS surfaces (red spheres are F atoms, green spheres are C atoms from the ions, blue spheres are C atoms from the
PS, and white spheres are H atoms). (a) Snapshot of the PS surface;gfteio@ beam deposition and equilibration and depth profile of F density

in the PS surface. (b) Snapshot of the PS surface aftgr i6F beam deposition equilibration and depth profile of F density in the PS. The vertical

scales of the depth profile graphs are matched with the snapshots. The negative depth corresponds to swelling of the PS surfaces, as discussed in
the text. Zero depth corresponds to the initial surface level of the pristine substrates.

the larger size and lower velocities of the ions compared to thosedepth is the swelling of the PS surfaces. (Zero depth is the initial

in the CR™ ion beam. level of the pristine surfaces.) The F atoms spread slightly more
Figure 2 also shows F density depth profiles in the PS after widely and deeply as a result of €FHon beam deposition than

ion deposition is complete. The cause of the apparent negativeCsFs™ ion beam deposition because of the smaller size and
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Figure 3. F uptake and total deposition yield of F (number of remaining F atoms per incoming F atoms) as a function of fluence during deposition.

(a) F uptake for @Fs™ deposition. (b) Deposition yield of F fors&s* deposition. (c) F uptake for GF deposition. (d) Deposition yield of F for
CR* deposition.

higher velocity of the CF". However, the highest density of F  surface deposited for ££57 ion beam deposition and corre-
occurs at a depth of 1015 A for both GFst and CE* ion sponds to over 11% of incidentsgs*. CF; is one of the most
beams. The average penetration depths of F and C atoms areeactive ion fragments, with over 50% of deposited @Fming
also very similar. Specifically, the average penetration depths covalent bonds with PS chains. For £Fleposition, F bonded
are 16.0 A for both C and F atoms aftesfgt ion deposition to a PS chain is the most frequently observed particle and
and 15.9 and 15.2 A for C and F, respectively, in the case of corresponds to 6% of all incident F atoms. These F atoms are
CRs* ion deposition. More F atoms chemically bond to the PS attached to the PS chains by replacing H atoms within the PS
during CR™ ion deposition than during 4£5™ ion deposition, structure or capping the ends of broken chains, {SFagain
as shown in Tables 3 and 4. In general, ions or ion fragments found to be one of the major reactive ion fragments.
that form covalent bonds with the polymer substrate have There is some controversy about the role of, G¥specially
smaller penetration depths than nonbonded, embedded specie<F,) in fluorocarbon film deposition on Si and SiGurfaces
This explains why the penetration depths of F atoms fo'CF  from plasma. Spectroscopic analysis indicates that f&ig-
deposition are similar to the penetration depths faFsC ments are major building blocks of fluorocarbon filA¥$?and
deposition. Thus, with regard to the depth of surface modifica- some researchers correlate adsorbegh@if gas-phase G941
tion, CR*' deposition is approximately equivalent toFg" This suggests that the direct deposition of,@ays a major
deposition under conditions of experimental fluence where the role in fluorocarbon film growth. However, other researchers
CRs* ions have higher incident velocities than thgFg ions. argue that there is no direct correlation between gas-phagse CF
Despite these similarities in the overall results betwegf C and fluorocarbon film growtR:*842In these simulations, GF
and CR*' ion beam deposition processes, the simulations predict fragments are found to be the second most abundant and reactive
that the detailed fluorination mechanisms of the PS surface by species produced, regardless of the type of ion in the beam. In
the GFs™ and CR* ions are very different from one another, the case of gFs*, over 50% of the deposited gfragments
as shown in Tables 4 and 5. Intagffgthat is simply embedded  form covalent bonds with the PS chains, and in the case ¢f,CF
within the substrate is the most abundant species in the PS61% of the deposited GHons form covalent bonds with the
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PS chains. Furthermore, because, ®&s two active sites, it 1.2+
can act as a cross-linking agent between neighboring PS chains.
Some cross links are predicted to form within the PS. Thus
these MD simulations indicate that when eitheFg& or CRz™
polyatomic ions are deposited on a surface a significant number 1

of CFR, ion fragments are generated that react with the surface. £ 0.8+ [
Although the substrates in these simulations are polymeric rather |

than Si or SiQ, these results are consistent with reported 06

spectroscopy resufté and support the argument that fluoro- ’

carbon films are not formed exclusively by the direct interaction I [.

of gaseous Chwith the surface. Rather, our simulations predict 0.4 fﬁ""

that CF, species are readily formed by the dissociation of l
polyatomic ions in surface collisions. 02

Tables 6 and 7 show the yields of the major scattering species fpqu .

"~ 104 ,mm.
a—C f.llllllllllllllll
o — H

Etch (X 10" atoms / cm®

for CR:™ and GFs*™ ion beam deposition, respectively. In the
case of Cg' ion deposition, Ck; CR, and F are the major 0.0
scattering species. The scattering data fog'™dBn deposition
agrees with reported experimental results that show that relative Fluence (X 10" F atoms / cm?)
amounts of Ck, Ck, CF, and F depend on the incident energy (a)
of the ion, and more CF and fewer €Bpecies emerge as
scattering fragments at higher incident enefyjy> Although
the simulations do predict that fewer CF scattering fragments |
are produced than in experimental results from a gold surface 1.8 —u—C
coated with a monolayer of GEEF,)11(CH,).SH at the same —e—H L asnd”
incident energy? this difference is attributed to the fact that ] _’
different surfaces are considered in the simulations and experi- » 1.4 H
ments. For example, polymer chains can be locally deformed 1 \
. . .. T 124 /

by bond rotation and stretching and can therefore distribute ,, | #_-
excess energy throughout a relatively wide area because there2 1.0 ]
is free space between chains. In metals, however, local deforma-x< 0 a- d CF3+
tion is almost always accompanied by bond-breaking and, for £ |
example, dislocation generation. i 0.6+

In the case of gFst deposition, GFs, C;F3, and CF, are the 0.4
major scattering species. Combined with the data shown in Table

0 2 4 6 8 10 12 14 16 18 20

2.04

/
(]

1.6 1

toms / cm?)

4, this result indicates that most of the ion dissociation occurs ]

by breaking one of the €C bonds in the incident §£5™. Some T S —
experiments for a gold surface coated with a monolayer af CF 0 2 4 6 8 10 12 14 16 18 20
(CF)12(CH,)2SH under similar conditions find that GRs a Fluence (X 10" F atoms / cm®)

major scattering fragment and no significant amount of SF . .

detected, in disagreement with our reséftsdowever, this (b) CF3" deposition

experimental system contains £nits prior to fluorocarbon  Figure 4. Degree of PS surface etching during ion beam deposition.
deposition, while the system considered in the simulations does
not. Other experiments on systems more closely related to thoseelatively soft polymer surfaces by low-energy ion deposition.
examined in these simulations find thatQ&a major fragment At the stage where the deposition yield starts to converge to a
and little CF; is detected, in good agreement with our restilts.  constant value, the surface etching also decreases, as shown in
In these simulations, the ground state af§¢ (CF—CtF— Figure 4a for the gs™ deposition processes. Therefore, it
CFR,) is used. However, a higher-energy-state isomer, such asappears that this system is approaching a steady-state, continuous
CR—C* = CR, or CR—CF—C*F is possible, and these have film growth stage after an induction period.
CR; moieties. In a previous study, we explored the effect of  For CR* deposition, Figure 3 shows that the deposition yield
different structures of §Hs" on the results of deposition on  decreases continuously to the final deposition stage without any
polystyrene and found that if the incident ion containssCH  sign of leveling off. Additionally, it appears that the amount of
moieties then Chifragment are preferentially produced as major F uptake tends to converge to a constant value at the latter stages
species by dissociatioh. of the deposition process. However, the final deposition yield
In Figure 3, the F atom uptake and total deposition yield are of CK* is still large, and the plateau in Figure 3c might be
presented. For $£s" deposition, the amount of F uptake temporary because such a plateau is also briefly seen in Figure
increases continuously though the deposition yields decrease3a. Figure 4b shows that the etching process is still developing
at high fluence, converging to 29% at the later stage of atthe final stage of deposition though the rate keeps decreasing.
deposition. This implies that the fluorocarbon film will be Therefore, the CF deposition process does not reach steady
continuously built up as the process progresses. It has beerstate on the time scale of these simulations.
reported that fluorocarbon films are maintained at constant levels It should be pointed out that the final values of F uptake in
from a certain stage of the deposition process onward when theFigure 3 are higher than the total fluorine density summed from
fluorocarbon ion beams are deposited on Si surfaces at 168 eV. Tables 4 and 5 because the values presented earlier are obtained
Unlike the high-energy ion deposition on hard surfaces such asafter long equilibration processes. During equilibration, more
Si, it is more likely that unlimited film growth occurs on than 15% of the deposited F atoms are desorbed from both PS
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Figure 5. Average penetration depths of indicated species in the PS are the same as in Figure 1.

surfaces. “Bond” means that the species form covalent bonds with C

atoms in the PS chains, and “no-bond” means the species are simplyfluorocarbon polymer film growth than smaller fragments
embedded in the surface on the time scales of the simulationssf&) C  hecause they contain more than one carbon atoms and may have
deposition. (b) CE* deposition more than one active site. These larger fragments can more
readily react and connect with other fluorocarbon ions or
fragments to grow polymer-like structures than smaller frag-
ments, as shown in Figure 6. As a point of comparison, F atoms,

Figure 5 shows the average penetration depths for the majorthe_ most dominant species in €Fdeposition, deactivate an
species on the PS surfaces. Zero penetration depth of bonde@Ctive Site in the PS once it forms a chemical bond. Thus, these
CsFs means that those particles stay right on the surface. As 5|mu+|at|ons predict that GF deposition is more effective than
mentioned previously, a variety of ions and ion fragments that CsFs™ deposition +|n short-.tgrm treatments at quorlna'qng PS
form covalent bond to PS chains show much smaller penetrationSUrfaces but €s" deposition might be more effective at
depths than the same species that is simply embedded in thd@rowing fluorocarbon polymer layers for long-term processes.
substrate. Therefore, three dominant species gt @Eposition,

F, CF, and CR, that bond to PS chains have penetrations depths
that are equal to less than 10 A. Thus, these species are very This computational study investigates the reaction mecha-
effective at fluorinating the PS surface. Fof=¢" ion deposition, nisms that result in the chemical modification of PS surfaces
the dominant species that are bonded to PS chaing, GF,, through GFs™ and CR™ ion beam deposition. The study uses
and GFs, show penetration depths of 11, 8, and 0 A, which classical MD simulations with a newly developed-B—F

also makes them effective fluorinators of the PS surface. empirical potential that is based on the second-generation REBO
Although some of these fragments are predicted to remain on, potential for hydrocarbons. For @Fdeposition, F atoms play

or embedded in, the surface without forming covalent bonds to the most important role in fluorinating the PS surface because
the PS, these embedded species are expected to form bonds tihe majority of them are covalently attached to the PS chains
the PS or with other fragments over longer times than are through the replacement of native H atoms or capping the end
accessible in these classical MD simulations. Alternative}f/,C  of broken chains. CfFfragments are also an important long-
and GFs can be thought of as more effective precursors for lived species. In contrast, F atoms are a minor byproduct, and

surfaces treated with&€s™ and CRE*. Most of the desorbed F
atoms were simply embedded in the surface before equilibration
and were thus not covalently bonded to the PS surface.

Conclusions



MD Simulations of Polystyrene Modification

CF, fragments are the most dominant species feFsC
deposition on PS. The simulations thus predict that™CF
deposition is more effective tharsls™ deposition for polymer
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fluorination on the time scale of these simulations because of g, T : 'wijesundara, M. B. Nucl. Instrum. Methods Phys. Res., Sect. B
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CsFst deposition might be more effective at producing precur-

sors for fluorocarbon thin film growth for long-term process

because of the larger sizes and greater functionality of the major
ion fragments. Compared with real plasma or ion deposition
processes, this simulation study explores only the very early
stages of surface chemical modification and thin film growth,

but the results indicate likely atomic-scale mechanisms respon-

sible for these processes.
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