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Fluorocarbon films were grown on polystyrene in vacuum from 25- to 100-eV mass-selgEtedod beams.

The films were analyzed by X-ray photoelectron spectroscopy, atomic force microscopy, and X-ray reflectivity
after exposure to the atmosphere for8weeks. The X-ray reflectivity indicates films that range frer80

to 60-A thick. The thinner films form at lower ion energies, where the ion penetration depth and efficiency
of film formation are lowest. X-ray reflectivity estimates -aftuorocarbon film roughness values o6 A

for 25- and 50-eV films but-20 A for the 100-eV films. The fluorocarberpolystyrene-buried interface
displays similar roughness and trends with ion energy. The AFM roughness trends are similar, but the absolute
AFM roughnesses are ontyl/, of the X-ray reflectivity values. This discrepancy is attributed to tip effects

and the method of determining roughness by AFM. The AFM images and power spectral densities of the
100-eV films displayed quasi-periodic cones spaced-3D A apart. Such features are either absent or of
much lower amplitude in the 25- and 50-eV films. Classical molecular dynamics simulatiogs0fdgposition

on polystyrene at energies of 50 and 100 eV/ion reveal that etching at the higher energy is largely responsible
for the dissimilar film structures obtained experimentally. These results demonstrate that deposition of the
fluorocarbon polyatomic ion £ allows control of film nanostructure at the surface and buried interface.

I. Introduction to explain how the deposition of these polyatomic fluorocarbon
d ions controls the nanostructure of these films.
Several groups have shown that specific chemical functional-

ity can be imparted to a surface by depositing polyatomic ions
With controlled kinetic energy and fluenge’. Our previous work
prepared 25100-eV GFs' ion-deposited fluorocarbon films
and analyzed them both before and after air exposufewe
found that hyperthermal €5 ions formed a distribution of
different fluorocarbon moieties on polystyrene in amounts that
were dependent upon the incident ion energy and fluence. We
deposited 25-eV g5+ ions mostly intact on the surface to form
fluorocarbon films with some degree of cross linking. The
fragmentation and fluorination efficiency of thesfg™ ions
increased with projectile ion energies of 50 and 100 eV. Ex-
posure to air for 48 weeks led to the appearance of an oxygen
content of several percent because of the oxidation of the radical
sites formed during ion bombardment. Air exposure was
necessitated by the period required for the serial preparation of
* Corresponding authors. (L.H.) E-mail: Ihanley@uic.edu. (M.L.s.) Multiple films and their subsequent transport to the synchrotron

Controlling and determining the nanostructure of disordere
organic thin films is critical to a variety of applications.
However, the absence of crystallinity limits the use of diffrac-
tion-based methods for the structural determination of disordere
organic films. Their susceptibility to radiation damage limits
the use of electron microscopy. Their film thickness and buried
interface structure are not readily observed by scanning probe
microscopy. However, a combination of techniques can cir-
cumvent these limitations to obtain a detailed picture of the
organic film’s surface topology, thickness, buried interface
structure, and electron density. This paper combines X-ray
reflectivity!~* and atomic force microscopy (AFM) to determine
the nanostructure of fluorocarbon films on polystyrene sub-
strates. The fluorocarbon films studied here are produced by
the deposition of mass-selected2B0-eV GFs™ polyatomic
ions. This paper also applies molecular dynamics simulations
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Previous studies have shown that ion fluence can control the Q,
coverage of fluorocarbon films deposited on polystyrene and
poly(methyl methacrylaté}14 The behavior of the C(1s) and
F(1s) core-level peak intensities in XPS also indicated that the
ion energy controlled the morphology, but the nature of this I I
morphological change was not determirfed-ray reflectivity, Figure 1. Kinematics of X-ray reflectivityQ, = (*7;) sin() is the
XPS, and AFM are combined here to demonstrate how ion Wave-vector transfer normal to the surface.
kinetic energy determines the fluorocarbon film thickness and
nanostructure, both at the surface and the buried interface.
Portions of the X-ray reflectivity, AFM, and XPS data presented layer i = m
here have been published previously> However, this paper
provides a more complete structural analysis of the films by
comparing the X-ray reflectivity data with the power spectral layeri=1
densities of the AFM dat¥ Furthermore, the molecular
dynamics simulations provide a mechanistic explanation of the

dependence of nanostructuring on the ion energy that is ObserVeq:igure 2. Nomenclature for layers used in modeling X-ray reflectivity

k incident kreflect(-:-d

vapor (layer i = m+1)

layeri=m-1

silicon (substrate, layer i = 0)

by X-ray reflectivity and AFM. data.

II. Experimental Details (Brookhaven National Laboratory) with measurement techniques
A. Film Preparation and lon Beam Conditions. Film described in detail elsewheté.The kinematics of reflectivity

preparation and ion beam conditions have been previouslyis illustrated in Figure 1.

described and will only be summarized h&#& Approximately For specular reflection, the wave-vector trans@@r- Kiefiected

270-A-thick polystyrene films were spin coated onto Si(100) - Kincigens is only in thez direction, normal to the surfac@, =
wafers from a 0.3% polystyrene (molecular weight: 4600 Da, Qy, = 0, wherex andy are in the plane of the surface, aQd
Aldrich) solution in CHCI, for 1 min at 6000 rpm. Survey and = (*7/;) sin(a) with the X-ray wavelengtii = 1.540+ 0.0008
valence band X-ray photoelectron spectra confirmed the cleanli-A. Therefore, specular reflection probes the structure normal
ness of the surface and the uniformity of the polystyrene film. to the surface. Specifically, specular reflectivity probes the
Different samples were used for the various analyses (seeelectron density normal to the surface and averaged over the
below), and two to four samples were analyzed by each method.region of the X-ray footprint on the sample. The reflectivity
Error bars on the data represent either the standard deviationdata consist of measurements of the X-ray intensity reflected
for the analysis of different data sets (X-ray photoelectron from the sample normalized to the incident intensity measured
spectroscopy) or the uncertainty in analyzing single data setsjust before the X-rays strike the surface. These data are further
(X-ray reflectivity), whichever is greater. modified by subtracting a background measured slightly off
The apparatus used for mass-selected-mmface modifica- the specular condition by averaging intensity values at wave-
tion and surface analysis consists of a differentially pumped vector transfeQ =(0, AQy, Q,) andQ =(0, — AQy, Q,).* An
low-energy ion source, a preparation chamber, and an analysisncident slit (a gap varying from 5 to 2@m with the angle of
chamber. GFst ions were formed from & vapor by 80-eV incidence) determines the beam size on the sample, and a slit
electron impact ionization, accelerated, mass selected by a Wien(gap = 2 mm) before the detector sets the resolution of the
filter, decelerated to 25100-eV kinetic energy, refocused, and measurement.
transmitted at normal incidence to the polystyrene sample The samples were placed in a vapor-controlled aluminum
mounted in the preparation chamber. A low-energy electron chamber with Kapton X-ray windows. The chamber was flushed
flood gun was used to minimize surface charging during ion with clean helium gas and a low flow of helium across the
exposure, and the preparation chamber pressure-@as 108 sample was maintained during the X-ray measurements. The
Torr during film preparation. Typical ion currents were-1%) X-ray measurements could be reproduced by immediately
nA, and ion fluences were equivalent to x010'® F atoms/ measuring a second set of data after the first set, indicating that
cn?. The samples were then removed from the UHV chamber radiation damage did not influence our measurements. However,
and aged by storage in a desiccator fer84weeks prior to it is interesting that if the samples were removed from the He
analysis. cell, not exposed to X-rays for a period of 24 h and then replaced
B. X-ray Photoelectron Spectroscopy (XPS)Details of the in the cell, a significant change in the data was recorded when
XPS experiments and data analysis have been disclosed previthe sample was remeasured. This degradation of the polystyrene
ously and are only summarized hé&PS was performed with  films upon removal from the He cell likely occurred via reaction
a high-resolution monochromatic Ald<X-ray source (15 keV, with atmospheric oxygen from the radicals formed by X-ray
25-mA emission current, model VSW MX10 with a 700-mm damage.
Rowland circle monochromator, VSW Ltd., Macclesfield, The samples are modeled as a series of layers on top of the
Cheshire, U.K.) and a 150-mm concentric hemispherical silicon substrate, with nomenclature defined in Figure 2. Each
analyzer (model class 150, VSW Ltd.) with a multichannel layer has an interface width that describes the smooth crossover
detector operated in constant energy analyzer mode. Theof the electron density of the layer to that of its neighboring
photoelectron takeoff angle was normal to the surface, and thelayers. For example, the thin polystyrene film of the untreated
pass energy was 22 eV, which gives 0.75-eV energy resolutionsample is modeled as a single layer with a different interface
for the Ag (3d/,) peak on a sputter-cleaned Ag foil. The C(1s) width at its vapor interface and at the interface with the silicon
(aliphatic/aromatic) core-level peak of native polystyrene was surface. Adsorbed fluorocarbon, due to the treatment of the film
assigned to 285.0 eV and used as a charge reference for all ofvith energetic GFs* ions, is modeled by an additional layer of
the other photoemission peaks. different electron density on top of the polystyrene layer. For
C. X-ray Reflectivity. X-ray reflectivity was conducted at data at large enoug®, it may be necessary to include a thin
beamline X19C at the National Synchrotron Light Source layer of silicon oxide between the silicon and the polystyrene.
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A general formula for the electron density gradient of a sample TABLE 1: Elemental Percentages of Native Polystyrene and

with m layers i$ 25—100-eV GFs' lon-Deposited Fluorocarbon Films on
Polystyrene Surface¥’
p il 1 ,( — D’)2/2 2 pure
Z(pi —p)———¢€ z— D20 i1 (1) element polystyrene 25eV 50 eV 100 eV
z (2no?, )2 carbon 100 794  50£4 5642
fluorine 19+ 3 46+ 2 38+1
oxygen 3+1 4+1 6+ 2

wherep, is the electron density of the silicon substratg; is
the density in the vapor, ard; = z}:le is the distance from TABLE 2: C(1s) Component Percentages of 25100-eV
the surface of the silicon substrate to the surface between theCsFs" lon-Modified Polystyrene

ith and (+1) layers, wherd.; is the thickness of théh layer binding

and 0,41 is the interfacial width between théh and ( + 1) energy pure

layers. (eV) component(s) polystyrene  25eV 50eV  100eV
Given the electron densities of each layer and the subphase 285.0 CH 95 87+2 3242 40+2

as well as the widths for each interface, the specular reflectivity 286.2 CCF, C-0O 9+2 35+2 3843

is calculated using the Parratt formalidfiiThe comparison of 288.7 —C'(:)C,E(';EZO’ 20+£0 14+1

the calculated reflectivity to the data. and.adjustment of the_ fit 5911 ch Sr—afb 4401 1241 7401

parameters allows the data to be fit using a standard-fitting 5933 cf 1403 1401

algorithm. In the Parratt formalism, the exact reflection and
transmission coefficients for each interface are used to calculate, Nai | disp| e . , 591
the specular reflectivity. We employed a modified version of ative polystyrene dispiays a—x lransition occurring near
- ! . S eV, where no fluorocarbons are observed for the native sample. The

that formalism in which an error function is used to model @ ;—z* transition occurs near and is obscured by @Rd/or CF groups
smooth crossover from the electron density of one layer to its in the fluorocarbon films.
neighboring layer (as indicated by the Gaussian describing the
density gradient as in eq 1). As described below, the fit three bottom layers of the surface and atoms withifl8 A
parameters correspond to qualitative features of the data.  from the four sides of the slab have Langevin frictional fot8es

D. AFM. The surface morphology of the fluorocarbon films  applied to maintain the surface temperature at 300 K. This
was measured with an atomic force microscope (model Nano- allows the polystyrene slab to imitate the heat dissipation that
scope llIA, Digital Instruments, Santa Barbara, CA) equipped occurs in the much larger experimental surfaces. The rest of
with tapping mode and phase contrast for highest spatial the atoms in the system have no constraints and are designated
resolution. Tapping mode was used to avoid sample damage.as active. Periodic boundary conditions are also applied within
Four 1 x 1-um? areas were scanned for each ion and energy. the plane of the surface to mimic an infinite surface and
The rms roughness was calculated for each spot using theeffectively double the number of thermostat atoms at the edges
instrumental software, and the average was taken for eachof the surface.
sample. Tapping mode AFM images from the 50- and 100-eV  The simulations consider the continuous deposition of a beam
samples and rms roughness values have been previouslyf 105 GFs* (CF,—CTF—CF,) ions at 100 and 50 eV/ion of
published'® Two-dimensional power spectral densities (PSD) kinetic energy. Each ion in the beam is deposited at a randomly
of each image were also taken using the Nanoscope SPMchosen location within the active region of the surface at random
software (v. 5.12, Veeco Metrology Group). Height images were orientations relative to the surface. The incident angle is normal
auto-plane fit (second ordeky) and then flattened (second to the surface, and the total fluence in each case is<0186
order). Four PSDs were averaged together to create representaF atom/cmi. After the deposition processes are complete, the
tive PSD plots for the surfaces at each ion energy. systems are fully equilibrated for 20 ps.

aPossible components are displayed for each binding eHergy

[1l. Computational Details IV. Experimental Results

The classical molecular dynamics (MD) simulations under- ~ A. Elemental and Chemical Content of Fluorocarbon
taken here numerically integrate Newton’s equations of motion Films. The elemental and chemical contents of the ion-deposited
with a third-order Nordsieck predictor correctousing a time fluorocarbon films have been presented previotisind are
step of 0.2 fs. Short-range interatomic forces are calculated usingsummarized in Tables 1 and 2. The fluorocarbon films display
a new carborrhydrogen-fluorine potential based on the 20-50% fluorine and 3-6% oxygen, with the remainder being
second-generation reactive empirical bond-order potéhtial carbon. (Hydrogen is not detected by XPS.) The oxygen re-
described in detail elsewheté.Long-range van der Waals sulted from aging in air for 48 weeks. Fluorine and oxygen
interactions are included in the form of a Lennatines content increase with ion energy because of the enhanced
potential that is active only at distances greater than the covalentfragmentation of both the €5 ion and the polystyrene, as
bond lengthd® These potentials are empirical and classical, well as increased reaction with atmospheric oxygen and water.
which means that electronic effects such as electronic excitationsAdditional information on the ion-modified film chemistry was
or charging of the atoms are not included. Thus, ions with obtained by peak fitting the C(1s) spectra, shown in Table 2.
positive charges are treated as reactive radicals rather than trud’he 25-, 50-, and 100-eV samples display different amounts of
ions with an actual charge. Although the presence of a positive various fluorocarbon and oxygenated components, including
charge will undoubtedly influence the chemical reactions that CH,, CCF, C—0O, CFCFK, C=0, O-C=0, Ck, and Ck
occur during deposition, it is also true that most if not all in- (underlined C detected). The peak assignments and widths used
cident ions are rapidly neutralized as they approach the surfaceto fit the C(1s) spectra were GHaliphatic/aromatic) at 285.0
making this a reasonable approach. eV (0.95-eV fwhm); CCkF and C-O at 286.2 eV (1.9 eV);

The polymer surface used in the simulations is syndiotactic CFCF,, C=0, and G-C=0 at 288.7 eV (1.8 eV); GFat 291.1
crystalline polystyrene that has a total thickness of 50 A. The eV (1.4 eV); and CF at 293.3 eV (1.4 eV). The changes
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Figure 3. Tapping mode AFM images from audn x 1 um area of 100-eV &5 (left) and 25-eV GFs* (right) ion-deposited films on polystyrene
substratesY-axis increments are 3 nm. Images are artificially shadowed to emphasize 3D structure.
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Figure 5. X-ray reflectivity data (points) and fit (solid line) as a
T T T T function of wave-vector transfer normal to the silicon surface for a
0.0 0.1 0.2 0.3 0.4 0.5 pure polystyrene layer spin coated onto a silicon wafer.
Wavelength (um/cycle) at 0.03-0.07 um/cycle. These features are likely due to the

Figure 4. Averaged power spectral densities (PSDs) of AFM images duasi-periodic conical structures observed in the AFM spectra
of fluorocarbon films deposited at 25, 50, and 100 eV. of the 100-eV samples (Figure 3, left). The overall higher
intensities of all PSD features for the 100-eV samples versus
reported for the C(1s) components in Table 2 result mostly from those of the lower-energy samples are consistent with their
variations in the pure fluorocarbon component percentages andgreater roughnesses. The use of PSDs for quantifying AFM
to a lesser extent, changes in the degree of oxid&fiéiror images has been previously defended in cases such as this, where
example, the 25-eV samples display lower fractions of £CF the image features can be constructed from a summation of sine
and CR, as well as no CFGFfraction, when compared with  wave functiong®
the 50- and 100-eV samples. The chemical differences in the C. X-ray Reflectivity. Pure PolystyreneX-ray reflectivity
fluorocarbon films are expected from their electron densities. for a pure polystyrene layer spin coated onto a silicon wafer is
(See below.) shown in Figure 5. The oscillations are due to coherent
B. AFM. Figure 3 displays tapping mode AFM images for interference between X-rays reflected from the polystyrene
100- and 25-eV samples (left and right, respectively). Differently vapor interface and the silicerpolystyrene interface. This pure
shaped features with sizes in the hundreds of angstrom rangepolystyrene layer is fit using a single-layer model, yielding a
are observed for all ion-modified surfaces, with quasi-periodic layer thickness of 275 A with a normalized electron density of
conical structures that appear prominently in the 100-eV ppdpsi = 0.455, where the electron density of the silicopds
samples. The AFM images of the 50-eV samples (not shBwn) = 0.696 e/A3. The value folppsis comparable to that deduced
were similar to the those of 25-eV samples. The rms roughnessfrom the literature value for the mass density of 1.0 /amhich
of the 100-eV samples was much higher than that of the other corresponds tpiierature polystyrerkosi = 0.461 The vapor interface
samples, at 7.4 0.6 A. By contrast, the rms roughness values roughness or width is 5.5 A, and the polystyresdicon
of the 25- and 50-eV samples were 2:4.2 and 1.8+ 0.2 A, interface roughness is 2.7 A. The latter value was taken from
respectively. By contrast, the roughness of the unmodified other measurements (to be discussed) at a hi@hdrecause
polystyrene surface was 1400.2 A, and its AFM images were  the measurement in Figure 5 is not very sensitive to that width.
featureless. The critical Q for total reflection that was used to fit all of the
The PSDs of the AFM images are shown in Figure 4. All data sets is 0.03187, in agreement with the calculated value.
PSDs displayed features at 8:0. 3um/cycle, although these  The small step below the critical angle indicates that these
features were the most intense for the 100-eV surfaces. Themeasurements also probed the critical angle for total reflection
100-eV surfaces additionally displayed relatively strong features from the polystyrene. To fit below the critical angle of silicon
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TABLE 3: Parameters for Fits of X-ray Reflectivity Data 2

pure PS 25eV 50 eV 100 eV
Layer Thickness; (A)
Sio; Ly 10+1
polystyrene (PS) Lo 275.2+ 0.5 272+ 2 272+ 4 258+ 3
fluorocarbon L3 33+3 25+ 3 60+ 5
Electron Densitypj/psi
SIOZ PI/PSi 096)

PS 02l psi 0.455+ 0.015 0.45 0.45+ 0.02 0.47+ 0.1
fluorocarbon (FC) p3lpsi 0.5154+ 0.025 0.54+ 0.02 0.68+ 0.05
Interfacial Width (Roughness); (A)

Si/SiG; or SilPS oo01 2.7 34+03 2.7+ 0.1 P

SiO,/PS o012 2.55+0.15
PS/FC or PS/vapor 023 55+05 3+3 5+2 18+6/-3
FClvapor O34 6.8+ 0.5 6.3+ 0.5 225+ 2

a Samples are polystyrene spin coated on silicon, then bombarded yfith iBns at energies of 25, 50, and 100 eV. Electron densitieare
normalized byps;, whereps; = 0.696 e/A3. Other parameters used in the fit include the criti@dfor total reflection from siliconQc = 0.0318
A-1 and x-ray absorption lengths of 0.104 cm for the polystyrene and 0.0066 cm for the silicon. Blank values indicate layers not used for those
samples. (The layer numbering must be adjusted accordin§lipgrameters kept fixed during fitting.
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Figure 6. X-ray reflectivity data (points) and fit (line) as a function of wave-vector transfe_r_ normal to the silicon surfgce for a s_pin-cpated
of wave-vector transfer normal to the silicon surface for a spin-coated Polystyrene layer on silicon exposed to 50-e¥€ ions. The inset is
polystyrene layer on silicon exposed to 25-e¥FE ions. a detail of the lowQ;, region.

requires the use of an absorption length of 0.104 cm for the 10°
polystyrene and 0.0066 cm for the silicon, both values taken

: . 10?2
from standard X-ray tables. The fit parameters are summarized >

in Table 3. 2 ot
25-eV SampleThe data and fit for the X-ray reflectivity of =
a 25-eV sample are shown in Figuré®@nd the fit parameters “(% 10°

are listed in Table 3. These data cannot be adequately fit by az
one-layer model of polystyrene. If so fit, then the amplitude of
the oscillations shows a systematic deviation that indicates the 107 I
presence of another layer. The fit for the 25-eV sample is a 0 0.2 0.4 0.6 0.8
two-layer model. The polystyrene layer is similar to the layer Q, (A
on the pure polystyrene sample, indi_cating that it is probably Figure 8. X-ray reflectivity data (points) and fit (line) as a function
unaltered by exposure to _the3le+ Ions_' On top of the . of?/vave-vectorytransfer ng/rmal to(Ft)he siI)icon surf(a\ce )for a spin-coated
polystyrene layer is a 33-A-thick layer of higher electron density polystyrene layer on silicon exposed to 100-e¥FE ions. Error bars
than polystyrene. We attribute this to the slightly oxidized are smaller than the open circles. The inset is a detail of theQpw
fluorocarbon, whose electron densipg, = 0.515ps;, is much region.
less than the value measured for close-packed, unoxidized
fluoroalkanes (0.9s)?* is much thicker and of higher electron density than those of the
50-eV SampleFigure 7 illustrates the X-ray reflectivity for ~ 25- and 50-eV samples. The vapor interface is much rougher,
a 50-eV sample. The fit parameters are listed in Table 3. The consistent with the AFM observations. Also, the interface
polystyrene thickness is the same as that of the pure polystyrenebetween the fluorocarbon layer and the polystyrene is much
and the 25-eV samples, indicating that fluorocarbon exposurerougher. The presence of these rougher interfaces is indicated
probably does not alter the underlying polystyrene. The fluoro- qualitatively by the loss of oscillations in the reflectivity at the
carbon layer is similar in thickness but with slightly larger elec- relatively low Q, ~ 0.1 AL Finally, the polystyrene layer
tron density than that of the 25-eV sample. The vapor interface thickness is 258 A;-10 A thinner than in the other three cases.
has a roughness of 6 A, also similar to the 25-eV sample. Real-Space ProfileShe electron density normal to the silicon
100-eV Samplérigure 8 illustrates the X-ray reflectivity for ~ surface is illustrated in Figure 9 for the four samples just
a 100-eV sample. The fit parameters are listed in Table 3. The discussed. It is clearly seen that the 25- and 50-eV samples are
falloff in reflectivity at higherQ;, indicates the presence of a very similar, whereas the 100-eV treatment results in a greater
thin silicon oxide layer on the substrate. The fluorocarbon layer deposition of fluorocarbon.
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ion and 0.28 H atom/ion at 50 eV. Although ion bombard-
ment at 100 eV induces more surface damage, the total F uptake
and deposition yield are higher at 100 eV than at 50 eV. For
instance, F uptakes are 4.6110'° F atoms/cri and 2.72x

10 atoms/cm for deposition at 100 and 50 eV, respectively.
Deposition yields of the F atom are 57.7 and 34.1% for
deposition at 100 and 50 eV, respectively. More incident ions
are simply scattered away from the polystyrene surface during
deposition at 50 eV/ion.

Figure 11 shows almost the whole polystyrene surface and
depth profiles of F densities after the ion deposition process is
complete. The cause of the apparent negative depth is the
swelling of the polystyrene surfaces (zero depth is the initial
Figure 9. Electron density (.normalized .tO the value for bulk Sil_i(_:on, |eve| of the pnst'ne Surfaces) The F atoms Spread more W|de|y
osi = 0.696 €/A3) as a function of the distance normal to the silicon and deeply at the 100-eV deposition. The average penetration

substrate (negative values are into the silicon substrate). The dotted .
line is the untreated polystyrene sample (bottom trace), the dashed IinedepthS are 19.2 A for C and 18.6 A for F atoms after deposition

is the 25-eV sample (middle trace), the thin solid line is the 50-ev at 100 eV/ion and 17.3 and 17.2Af0r C and F, respectively, in
sample (middle trace), and the thick solid line is the 100-eV sample the case of deposition at 50 eV/ion. The highest density of F
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(top trace). occurs at a depth of 2520 A for both 100- and 50-eV/ion
_ deposition processes.
V. Computation Results Tables 4 and 5 show the surface density of the indicated

The MD simulations reveal important differences in the SPeCies formed from the incidentfs " ions that remain at the

deposition process as the energy of the incident ion beam isPOlyStyrene surfaces after deposition at 100 and 50 eV,
changed from 50 to 100 eV/ion. Figure 10 shows part of the respectively. A more diverse sampling of ion fragments is
polystyrene surfaces from simulations after th&4 ion beam formed at 100 eV, and more of_these fragments form _covalent
deposition at 100 and 50 eV. Many fluorocarbon ions and bonds Fo _the _polystyrene than is the case for deposition at 50
dissociated ion fragments are embedded in the polystyrene with®V- This is highlighted by the fact that at 100 eV very few
or without covalent bonding to the polystyrene carbon atoms. intact GFs groups survive deposition; however, they are the
The ordered polymer structures are randomized and swelled bymost abundant species formed at 50 eV. Despite this increased
ion bombardment. Because of the higher ion velocity, ion dissociation of the incident ions at 100 eV, a significant number
deposition with 100 eV of kinetic energy induces more of large species that consist of more than three carbon atoms
disordering of the polystyrene than ion deposition at 50 eV. In are observed at this energy. These large species are important
addition, significantly more etching of the polystyrene sur- Precursors of fluorocarbon polymer films.

face occurs at 100 eV/ion. Surface etching yields are 1.10 C In addition, a large number of fluorine atoms covalently
atoms/ion and 1.30 H atoms/ion at 100 eV and 0.28 C atom/ bonded to the carbon atoms of polystyrene chains are found in

(b)

Figure 10. Structure models of part of the polystyrene surfaces (red spheres are F atoms, green spheres are C atoms from the ions, blue spheres
are C atoms from the polystyrene, and white spheres are H atoms). Snapshot of the polystyrene surface after deposition at (a) 100 eV/ion and (b)
50 eV/ion.
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Figure 11. Structure models of polystyrene surfaces. Snapshot of the polystyrene surface after deposition at (a) 100 eV/ion and (b) 50 eV/ion.
Depth profiles of F density in the polystyrene surface are shown to the right of each snapshot. The vertical scales of the depth profile graphs are
matched to the snapshots. The negative depth corresponds to swelling of the polystyrene surfaces, as discussed in the text. Zero depth is the initial
surface level of the pristine surfaces.

100-eV deposition, and most of these F atoms replace hydrogenatoms are observed in 50-eV deposition. Therefore, #ig'C
atoms in the polystyrene chains. However, only a few fluorine beam deposition at 100 eV is more efficient for the fluorination
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TABLE 4. Surface Density of Indicated Species that CsFs™ forms nanostructures on the polystyrene surface. The

Remain Bonded to Carbon Atoms In, or Are Embedded simulations indicate that etching4s4x higher at 100 eV than

\iv(u)tgmi/}heﬁPolystyrene Surfaces after GFs™ Deposition at at 50 eV. Furthermore, 455" is twice as likely to dissociate to
ev/io !

reactive F atoms at 100 eV than at 50 eV. Other reactive

density (<10 cm™) fragments are also more easily formed from the parent ion at

covalently bonded embedded the higher energy. Surface damage, including polystyrene bond
CaFs 0 6.1 cleavage, is also higher at 100 eV. These fragments and F atoms
CsFn (except GFs) 1.5 6.1 are more effective at both etching and fluorinating polystyrene
CoF2 0 28.9 than intact GFs* species. The latter leads to overall thicker
gﬂ: n (except GFs) ﬁé ig-g fluorocarbon films at 100 eV. As the polystyrene is etched away
CF, 76 13.7 and replaced with fluorocarbon, nanostructures are formed.
CoFm(n > 3,m> 5) 9.1 15 X-ray reflectivity shows an~10-A reduction in the underlying
F 56.2 12.2 polystyrene film thickness at 100 eV compared to that for 25-
aEmbedded means the species are embedded in, but not bonded tc?nq S0-eV ion-modified _(as well ‘as native) films, which
the surface on the time scales of the simulations. indicates large-scale etching of the polystyrene by the fluoro-
carbon ion deposition, although questions regarding the repro-
TABLE 5: Surface Density of Indicated Species that ducibility of the initial polystyrene film thickness~270 A)
Remain Bonded to Carbon Atoms In, or Are Embedded prevent a more quantitative experimental determination of

em T -0
within, the Polystyrene Surfaces after GFs™ Deposition at 50 etching. Polystyrene bond cleavage and etching at 100 eV is

eV /lon - X eav !
. P— further indicated by film oxidation and aging effeéfsthe

density 10 cm™) known etching ability of small fluorocarbon fragments at
covalently bonded embedded elevated ion energiésand experimental evidence on related

CsFs 15 28.9 systemg?
CsFr (except GFs) 0 3.0 The simulations at 50 eV indicate less etching, more intact
gi” i‘g 13'%3 CsFs™ deposition, and more scattering off the surface. The
CF 3.0 15 reduced etching apparently leads to the formation of the
CoFm(n > 3,m> 5) 1.5 1.5 smoother fluorocarbon films observed experimentally at 50 eV.
F 1.5 12.2 The thinner fluorocarbon films observed experimentally at 50

eV are consistent with the lower-efficiency ion film formation
of the polystyrene substrate than that of the 50 eV. However, observed in the 50-eV simulations. No simulations were

surface damage is more severe in 100-eV deposition. performed at 25-eV incident ion energies, but the 50-eV trends
of less ion fragmentation and less etching are expédteléad
VI. Discussion to the same relatively smooth films observed experimentally at

25 eV. lon and fragment penetration depths are less important
than etching in nanostructuring because they are only a few
percent higher for 100-eV ion impacts. Penetration depths are
indicates a film thickness ranging from30 to 60 A, with similar from 50 to 100 eV because most of the kinetic energy

thinner films forming at lower ion energiésX-ray reflectivity is dissipated by the first ionsurface collision.

estimates an airfluorocarbon film roughness o£6 A for 25- The computer simulations are very useful in elucidating the
and 50-eV films but~20 A for the 100-eV films. The role of fast processes such as etching, penetration, and bond

fluorocarbon-polystyrene buried interfaces display similar formation/cleavage. However, these simulations do not account
trends in roughness with ion energy. The AFM roughness trendsfor several longer-term effects that might also contribute to
are Simi]ar’ but the absolute AFM roughnesses are eﬁlyof nanostructuring. First, the oxidation of the fluorocarbon f”ms,
the X-ray reflectivity values. The AFM images and PSDs of indicated by the few-percent oxygen, cannot be probed by the
the 100-eV films displayed quasi-periodic cones spaced-300 Potential functions applied here. Nanostructuring might manifest
700 A apart (Figure 3, left). Such features are either absent oritself at least partially through the oxidation of fragments to
of much lower amplitude in the 25- and 50-eV films (Figure 3, form volatile species. Furthermore, the segregation of the
right). The X-ray reflectivity results cannot confirm or dispute deposited films into fluorocarbon/hydrocarbon regions might
the quasi periodicity because they are not sensitive to in-plane@lso be occurring and might be enhanced at 100 eV by more

A. Summary of Results. The combined results of X-ray
reflectivity and AFM data draw a detailed picture of the
nanostructure of these fluorocarbon films. The X-ray reflectivity

homogeneities. polystyrene bond breakage. However, the much longer time
The MD simulations indicate the manner in which the scale of such a diffusional process is not accessible to these
chemical modification of polystyrene surfaces througl<C simulations.

deposition is similar and different at 50 and 100 eV/ion. For  C. Discrepancies in X-ray Reflectivity and AFM Data. The
instance, the penetration depth of ion fragments is similar at comparison of the two experimental probes of organic film
the two energies. However, deposition at 100 eV induces more morphology demonstrated both their relative strengths and their
disordering and~4x higher etching of the polystyrene. complementary nature. The X-ray reflectivity and AFM display
Furthermore, F atoms and ion fragments are more readily formedsimilar trends but different absolute values of roughness. This
at 100 eV. Finally, fluorocarbonpolystyrene covalent bonding,  discrepancy is attributed to tip effects in the AFM, which will
fluorocarbon deposition, and surface damage are all greater atend to smooth over finer features and reduce the measured
100 eV. By contrast, unreacted scattering of incident ions is roughness. Also, questions have been raised regarding the
greater at 50 eV. accuracy of standard rms roughness values determined by
B. Mechanisms of Film Nanostructuring. The computer AFM,16 despite their widespread use. X-ray reflectivity was
simulations indicate that the competitive processes of etching found to be the most accurate and provides an absolute measure
and deposition are the primary mechanisms by which 100-eV of the film electron density, roughness, and thickness normal
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to the surface. However, such high-resolution X-ray reflectivity Synchrotron Light Source on beamline X19C, Brookhaven
measurements require access to a source of synchrotron radiaNational Laboratory, which is supported by the U.S. Department
tion. AFM provided a more approximate but nevertheless useful of Energy. Dr. William Lackowski of TAMU, Chemistry
estimate of surface morphology and film thickness using Department, Texas A&M University, is acknowledged for his
instrumentation that is widely available. assistance in power spectral processing of the AFM images.
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