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Abstract

Hyperthermal polyatomic ion beams can be used to fabricate thin film nanostructures with controlled morphology.
Several experiments are described in which mass-selected and non-mass-selected polyatomic ion beams are used to
create nanometer thick films with controlled surface and buried interface morphologies. Fluorocarbon and thiophenic
films are grown on silicon wafers and/or polystyrene from 5 to 200 eV C;F{ or C4H4S* ions, respectively. X-ray
photoelectron spectroscopy, atomic force microscopy, X-ray reflectivity, and scanning electron microscopy are utilized
to analyze the morphology and chemistry of these films. Polyatomic ions are found to control film morphology on the
nanoscale through variation of the incident ion energy, ion structure and/or substrate.
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1. Introduction

Polyatomic ions in the hyperthermal energy
range (1-500 eV) play a critical role in plasma
processing, laser ablation and several other ener-
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getic deposition processes [1-3]. Covalently bound
polyatomic ions composed of 4-30 atoms are es-
pecially important in energetic deposition when
organic vapors or polymeric source targets are
utilized. Polyatomic ion beams are advantageous
for practical surface modification due to their un-
ique collision dynamics and ability to transfer in-
tact chemical functionality to the surface [4,5]. For
example, polyatomic ions can often be soft-landed
as intact species at < 10 eV collision energies [2,6]
or used to create a variety of surface chemical
gradients [7]. Polymeric films have been grown
from organic ion sources for applications in opto-
electronics [8].
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Hyperthermal polyatomic ion beams also con-
fine their modification to the top few nanometers of
a surface [1,2]. This capability renders polyatomic
ions particularly useful for the fabrication of thin
film nanostructures with controlled morphology.
Several experiments are described below in which
mass-selected and non-mass-selected polyatomic
ion beams are used to create nanometer thick films
with controlled surface and buried interface mor-
phologies. Fluorocarbon and thiophenic films are
grown on silicon wafers and/or polystyrene from 5
t0 200 eV C3F{ or C4H4S™ ions, respectively. X-ray
photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), X-ray reflectivity, and scann-
ing electron microscopy are utilized to analyze the
chemistry and morphology of these films.

2. Experimental methods

Mass-selected ion deposition begins with poly-
atomic ion formation in an 80 eV electron impact
source, in an instrument that has been described
previously [4,9]. The polyatomic ions are then ac-
celerated to ~1000 eV, mass-selected by a Wien
filter, bent 3°, decelerated and transported to the
target at normal incidence and at the appropri-
ate kinetic energy. Typical ion currents for this
instrument are 10-100 nA/cm? for the various
mass-selected ions utilized here, requiring sample
preparation times of several hours for a single thin
film of a few mm? area. The preparation chamber
is connected to the monochromatic XPS chamber
via a load-lock sample transfer stage. The XPS is
equipped with a 600 W AIK, X-ray gun mounted
on a 0.7 m radius Rowland circle monochromator
and 150 mm cylindrical hemispherical analyzer
equipped with a five channel detector (VSW Ltd.,
Macclesfield, UK).

Fig. 1 depicts the instrument used for non-
mass-selected polyatomic ion deposition. This in-
strument is equipped with a broad beam Kaufman
ion source (Veeco-CS, 3 cm Ion Source) whose gas
input is metered by a mass flow controller. The
parent ion C4H4S™ constitutes over 60% of the ion
current from the Kaufman ion source when uti-
lizing thiophene vapor. The high parent ion cur-
rent is achieved by operating the Kaufman ion

source at a relatively low discharge voltage (near
the ionization threshold). The thiophene ion cur-
rent ranges from 0.1 to 5 mA/cm? in the Kaufman
ion source. This chamber is also equipped with a
load-lock sample transfer stage, quartz crystal
microbalance, differentially pumped quadrupole
mass analyzer (for ion and neutrals analysis), cy-
lindrical mirror analyzer and electron gun for
Auger electron spectroscopy and Fourier trans-
form infrared spectrometer for reflection absorp-
tion infrared spectroscopy.

Quantitative analysis of surfaces by electron
spectroscopy software (QUASES, Tougaard APS,
Odense, Denmark) is used to estimate the fluo-
rine and silicon depth profiles for ion-deposited
fluorocarbon films on H-Si(100) [10,11], as de-
scribed previously [12]. QUASE analyzes the
energy loss structure of XP spectra to determine
the depth of origin of the detected electrons by
fitting to a given surface morphology.

X-ray reflectivity was conducted at beamline
X19C at the National Synchrotron Light Source
(Brookhaven National Laboratory, USA) with
measurement techniques described in detail else-
where [13,14].

The surface morphology of ion-deposited films
is observed using an atomic force microscope
(AFM, Nanoscope IIIA, Digital Instruments,
Santa Barbara, CA, USA) operating in tapping
mode to avoid surface damage. Multiple areas of
several microns side dimension are scanned for
each sample and the RMS roughness averages
calculated for each ion energy. Low voltage scan-
ning electron microscopy is performed at 5.00 keV
electron beam energy (Hitachi S3000N VPSEM)
on samples that have been cross-sectioned prior to
analysis in a microtome. Substrate preparation
conditions prior to ion-deposition have been de-
scribed previously [12,15,16].

3. Results and discussion

3.1. Morphology of fluorocarbon thin films on
polystyrene

Fluorocarbon films are grown on a spin-coated
polystyrene surface by deposition of 25 or 100 eV
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Fig. 1. Schematic diagram of Kaufman ion source instrument for non-mass-selected deposition.

C;F{ ions. Analysis of the film chemistry by XPS
finds a strong dependence upon both ion energy
and structure, as discussed previously [4,17]. AFM
and X-ray reflectivity of these fluorocarbon
films and unmodified spin-coated polystyrene dem-
onstrate the ability of mass-selected polyatomic
ions to control surface and buried interface mor-
phology.

Fig. 2 includes previously published AFM data
(“C5F{/PS”) indicating relatively rough surfaces
for 100 eV fluorocarbon films, but smoother films
deposited at 25 eV [15]. Hillocks in the 100 eV
C;F{ fluorocarbon films of ~20 nm diameter and
~1 nm height were observed by AFM. No such
hillocks were observed for films deposited by 25 eV
C;F{, which displayed feature heights of only
~0.2 nm. The roughness of the unmodified PS
surface was ~0.1 nm.

Fig. 3 displays the X-ray reflectivity for the
fluorocarbon layer from 25 eV C;F{ deposition on
a polystyrene layer spin-coated onto a silicon
wafer. Fig. 4 displays the electron density profiles
used to fit the X-ray reflectivity data for the three
surfaces — native polystyrene, 25 eV fluorocarbon
and 100 eV fluorocarbon. Table 1 reports the re-
sults of fitting this X-ray reflectivity data.

Oscillations in the X-ray reflectivity for the
native polystyrene layer, similar to those shown in
Fig. 3, are due to coherent interference between X-
rays reflected from the polystyrene—vapor interface
and the silicon—polystyrene interface. A single
layer model (see Fig. 4) is used to fit this interface
and yields a layer thickness of 27.5 nm with an
electron density pps = 0.455 pg;, where the elec-
tron density of the silicon is pg = 0.696 e /A3.
The value for ppg compares favorably with the
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Fig. 2. Surface roughness (RMS) obtained by AFM of various
films deposited from hyperthermal, mass-selected or non-mass-
selected (“Kaufman”) beams of C4HsS* or C5F{ ions. “Si-O”
is the native oxide of Si(100), “PS” is spin coated polystyrene
and “H-Si” is hydrogen terminated Si(1 00). The roughness of
the 200 eV C;F;/Si-O data is scaled by 0.033 to facilitate dis-

play.
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Fig. 3. X-ray reflectivity data (points) and fit (line) as a funtion
of wave vector transfer normal to the silicon surface for a spin-
coated polystyrene layer on silicon exposed to 25 eV C;F{ ions
at an ion fluence equivalent to 1 x 10'® F atoms/cm?.
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Fig. 4. Electron density profiles used to fit the X-ray reflectivity
data for native polystyrene and fluorocarbon films on poly-
styrene from 25 and 100 eV C;F deposition.

value deduced from the literature value for the
mass density of 1.0 g/cm?®, which corresponds to
pliteraturepolystyrene =0.46 [18] The width (Or rough'
ness) of the vapor interface is 0.55 nm and the
width of the polystyrene-Si interface is 0.27 nm.

The fit for the 25 eV fluorocarbon X-ray re-
flectivity (Fig. 3) is consistent with the AFM re-
sults and also provides an indication of the buried
interface width (see PS/F interface width in Table
1). The fit shown in Fig. 3 is a two layer model
(Fig. 4), since reflectivity of the fluorocarbon layer
cannot be adequately fit by a one layer model of
polystyrene. The polystyrene layer is similar to the
layer on the pure polystyrene sample indicating
that it is probably unaltered by exposure to the
C;F{ ions. On top of the polystyrene layer is a
3.3 nm thick layer of higher electron density than
polystyrene. This is attributed to fluorocarbon,
though its electron density, pp = 0.515 pg; is much
less than the value measured for close-packed
fluoro-alkanes (0.9 pg;) [19]. This relatively low
electron density indicates either loose packing in
the fluorocarbon layer, incomplete fluorocarbon
coverage on the polystyrene, or a combination of
both effects.

The 100 eV X-ray reflectivity data (not shown)
indicates a much thicker 6.0 nm fluorocarbon film
with 30% higher electron density than observed for
the 25 eV samples. The vapor interface and the
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Table 1

Parameters for fitting X-ray reflectivity data for polystyrene spin-coated on silicon and fluorocarbon films on same from 25 and 100 eV

C3F;

Polystyrene 25 eV 100 eV

Layer thickness, L; (nm)
Si0,, L, 1.0+0.1
Polystyrene, L, 27.524+0.05 27.2+0.2 25.8+0.3
Fluorocarbon, L 33403 6.0+0.5
Electron density, p;/ps;
SiOy, p,/psi 0.96*
Polystyrene, p,/ps; 0.4554+0.015 0.45* 0.47+0.1
Fluorocarbon, p;/pg; 0.5154+0.025 0.68 +£0.05
Interface width (or roughness), a;; (nm)
Si/SiO, or Si/polystyrene, oy, 0.27* 0.34+0.03 0.1#
SiO,/polystyrene, o}, 0.25+0.01
Polystyrene/F or polystyrene/vapor, a3 0.55+0.05 0.3+0.3 1.8+0.6
F/vapor, 634 0.68 +0.05 2.254+0.2

Electron densities, p, are normalized by pg; where pg; = 0.696 ¢ /A3, Other fitting parameters include the critical Q for total reflection
from silicon, Oc = 0.0318 A~!; X-ray absorption lengths of 0.104 cm for the polystyrene and 0.0066 cm for the silicon. Blank values

indicate layers not used (fitting layer numbering adjusts accordingly).

4 Parameters kept fixed during fitting.

buried interface between the fluorocarbon layer
and the polystyrene for the 100 eV films is much
rougher at ~2 nm versus 0.3-0.7 nm for the 25 eV
films. Fig. 4 displays the electron density of this
rougher and thicker fluorocarbon layer from 100
eV (:31:‘?L

These results support the model of a thinner,
smoother, lower electron density and possibly
discontinuous fluorocarbon film formed from
25 eV C,F{. This is consistent with the chemical
composition of these 25 eV films: 20% overall
fluorine comprised of 8§7% CH,,, 8% CCF, and 4%
CF, [15]. By contrast, the 100 eV films are rougher,
thicker and higher electron density films. The
higher electron density of these 100 eV films can be
attributed to their chemical content: 40% overall
fluorine comprised of 40% CH,, 38% CCF,, 15%
CFCF,, 7% CF, and <1% CFj3. Higher ion energy
leads to more penetration and fragmentation of
both the incident C;F{ ions and the polystyrene
substrate, collectively contributing to the nano-
structuring. Differences in the oxidation of these
films — ~4% oxygen for the 100 eV films versus
~2% for the 25 eV films — may also play a minor
role in the film morphology. The fluorocarbon
components of these films are also likely due in
part to oxidized species, as previously discussed for

fluorocarbon films on polymethylmethacrylate
substrates [7].

3.2. Morphology of fluorocarbon thin films on
silicon

Morphological control is also demonstrated
by fluorocarbon ion deposition onto clean hydro-
gen terminated Si(100) surfaces, H-Si(100). The
width of the buried interface between the depos-
ited fluorocarbon film and the Si substrate is also
shown here to be controlled by the deposition
process. Mass-selected 5-200 eV C;F: and GF;
ions are used to form nanometer thick fluoro-
carbon and Si,C,F, films on H-Si(100) [12].

XPS shows that the average elemental and
chemical content of the deposited film is nearly
independent of ion identity and kinetic energy, in
stark contrast to the case for polymers (see above).
The fluorocarbon film composition for 25-200 eV
C;F! ion deposition is 60% overall fluorine (at
saturation ion fluence), comprised of 45% CCF,,
35% CFCF,, 15% CF, and 2-3% CF; [12]. Similar
film compositions are observed for 25-200 eV
C,F} ion deposition, although the compositions
of the 5 eV films deposited from both ions
vary slightly. Overall, the chemical nature of the
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fluorocarbon films on Si is controlled largely by
surface chemical and diffusion processes rather
than the ion structure or incident energy.

However, ion energy and structure strongly af-
fect the fluorocarbon film morphology. Fig. 5
displays the fluorine depth profile of nanoscale
fluorocarbon films on H-Si(100) deposited from
mass-selected 5-200 eV C;F! and CF; at ion
fluences equivalent to 1.5 x 10'® F atoms/cm? [12].
XPS depth profiles of the films depend strongly
upon ion energy and structure, with the fluorine
depth profile extending deeper into the surface at
higher ion energies for both C;F{ and C,F;.
Furthermore, C;F! films display a deeper and
broader fluorine depth profile when compared
with films from isoenergetic C;F; . Finally, overlap
of the fluorine and silicon (data not shown) depth
profiles indicate formation of a Si,C,F. buried
interface of thickness ranging from <1 nm at 5 eV
ion energy to >5 nm at 200 eV.

AFM is also employed to investigate the chan-
ges in surface morphology associated with C;F¢
ion deposition, with roughnesses summarized in
Fig. 2 (“C;F{/H-Si”). The roughness of the sur-
face increases to 0.7 nm with 25 eV ion bom-
bardment compared with the <0.2 nm roughness
of native H-Si (100). The RMS roughness of the
H-Si(100) surface increases dramatically to ~30
nm after 200 eV ion bombardment (scaled by
% 0.033 in Fig. 2). Fig. 6 displays the AFM of
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Fig. 5. Fluorine depth profiles for fluorocarbon films on H—
Si(100) deposited from mass-selected 5-200 eV C3F; and C,F}
at an ion fluence equivalent to 1.5 x 10'° F atoms/cm?.

Fig. 6. AFM of 200 eV C;F{ ion deposition on H-Si(100) at
an ion fluence equivalent to 4.5 x 10'® F atoms/cm?, following
air exposure.

200 eV C5F7 ion deposition on H-Si(1 00), which
leads to the formation of oblong surface pits of
average depth of 30 £ 5 nm, width of 120 + 20 nm
and length of 300 £+ 200 nm. Some smaller features
are also observed with depths <7 nm. 25 eV C3F5+
ion deposition does not form pits on the Si surface,
but rather a smooth surface with small hillocks of
3+ 1 nm height and 230 &+ 50 nm diameter.

The morphology of these fluorocarbon films
can be explained by comparison with molecular
dynamic simulations and studies of fluorocarbon
plasma etching of Si [20-22]. A relatively smooth
and thick fluorocarbon layer forms at the lowest
ion energy of 25 eV, which is mostly insufficient to
induce fluorocarbon film mixing with the bulk Si.
Penetration of the ions into the substrate at > 50
eV collision energies leads to mixing to form a
Si,C,F. interfacial layer. At the highest ion energy
of 200 eV, ion penetration into and mixing of the
surface layers cause formation of volatile SiF,,
fluorocarbons and fluorine. These volatile species
are thought to lead to Si etching, assisted by
sputtering processes. This model is generally con-
sistent with molecular dynamics simulations of
CF; ion bombardment of Si, which similarly
showed an increase in the Si,C,F. layer depth and



122 L. Hanley et al. | Nucl. Instr. and Meth. in Phys. Res. B 203 (2003) 116-123

width with increasing ion energy [22]. The different
depth profiles for C;F and C,F; can also be ex-
plained by consideration of molecular dynamics
simulations on CF™ and CF; bombardment of Si
[23]. By analogy, these simulations suggest that the
incident C;F7 ions fragment to form more of the
mobile and reactive fluorine atoms upon impact
than do C,F; ions. The >100 nm oblong pits
observed at 200 eV ion energies is consistent with
etching, but their dimensions are much large than
the ~1 nm pits expected to form directly by indi-
vidual ion impacts. Ion-assisted diffusion and
mixing must be occurring here to allow the nu-
cleation and growth of these large etch pits [24].

3.3. Morphology of thiophenic films deposited by
mass- and non-mass-selected ions

Thiophenic thin films of controlled surface
morphology can also be grown by both mass-
selected and non-mass-selected ion beams. Both
low current beams of mass-selected ions and high
current beams of non-mass-selected ions are uti-
lized for the experiments described below, the
latter from a Kaufman ion source (see Fig. 1). The
25 and 150 eV mass-selected ions are deposited at
fluences of 1.8 and 0.8 x 10'® ions/cm?, respec-
tively. The Kaufman ion fluences are >10'® ions/
cm?, but exact fluences are not available since the
ion currents are not compensated for electron
fluxes. XPS is used to elementally analyze these
thiophenic films, with the results shown in Fig. 7.
Both films are composed of carbon and sulfur in
ratios close to molecular thiophene. The films
contain no oxygen immediately after formation
(“No aging”), but accumulate a few percent oxy-
gen after several weeks of aging in air (“Aged”)
(see below). However, the oxygen content is not
directly comparable between the two types of films
since the Kaufman films aged for 4 weeks and the
mass-selected films aged for 8 weeks.

The thicknesses and surfaces morphologies of
these thiophenic films are also determined. Both
deposition methods produce films thicker than the
~10 nm sampling depth of XPS, indicated by the
disappearance of the Si substrate signal (data not
shown). Scanning electron microscopy of a cross-
section of 5 eV films produced by the Kaufman ion
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Fig. 7. Elemental analysis by XPS of thiophenic films deposited
on the native oxide of Si(100) from 25 and 150 eV C4H4S™ ions
from either the mass-selected or Kaufman ion sources. See text
for ion fluences.

source show film thicknesses of 300-500 nm, in-
dicating film growth rates on the order of 50 nm/
min. Films grown at 25 and 150 eV ion energy by
either source are found by AFM to be smooth and
featureless on the >1 nm scale, as noted in Fig. 2.
The Kaufman source films display RMS rough-
nesses of ~0.5 nm and the mass-selected films are
even smoother, with roughnesses of ~0.1 nm.
These smooth films contrast with highly structured
films evaporated from oligothiophenes [25,26].

4. Conclusions

These results demonstrate that hyperther-
mal polyatomic ion deposition allows control of
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nanoscale morphology at the surface and/or bur-
ied interface for three different systems. Both
mass-selected and non-mass selected ions control
film morphology through variation of the ion en-
ergy, ion structure and/or substrate. These ion
parameters control morphology through their
mediation of the competing processes of ion de-
position, ion fragmentation, ion penetration into
and damage of the substrate, reactions between
deposited ions and/or the substrate, sputtering,
etching and diffusion. Mass-selected beams allow
well-defined experiments that are directly compa-
rable to molecular dynamics simulations, but are
practical only for film growth over small areas
[4,17,27]. The Kaufman ion source produces
thicker films over much larger areas and can be
scaled up to a commercial process. However, the
Kaufman ion source produces several different ions
as well as difficult to quantify radicals, electrons
and photons. The latter species also contribute to
film growth in manner previously characterized for
only a few cases [28,29]. Future experiments will
evaluate the role of ion fluence, which is known to
be significant in film growth by atomic ions [1,24].
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