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Abstract
A wide variety of gas phase ions with kinetic energies from 1–107 eV increasingly are being used for the growth and
modiﬁcation of state-of-the-art material interfaces. Ions can be used to deposit thin ﬁlms; expose fresh interfaces by
sputtering; grow mixed interface layers from ions, ambient neutrals, and/or surface atoms; modify the phases of interfaces; dope trace elements into interface regions; impart speciﬁc chemical functionalities to a surface; toughen
materials; and create micron- and nanometer-scale interface structures. Several examples are developed which demonstrate the variety of technologically important interface modiﬁcation that is possible with gas phase ions. These
examples have been selected to demonstrate how the choice of the ion and its kinetic energy controls modiﬁcation and
deposition for several diﬀerent materials. Examples are drawn from experiments, computer simulations, fundamental
research, and active technological applications. Finally, a list of research areas is provided for which ion–surface
modiﬁcation promises considerable scientiﬁc and technological advances in the new millennium. Ó 2001 Elsevier
Science B.V. All rights reserved.
Keywords: Ion–solid interactions; Growth; Ion etching; Ion bombardment; Ion implantation; Sputtering; Computer simulations;
Molecular dynamics

1. Overview and motivation
The development of new materials continues to
be one of the ongoing technological and scientiﬁc
revolutions at the dawn of the 21st century. Interface science is at the forefront of this revolution
because surfaces of materials dictate many of their
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most important properties. Continuing progress
in many technological applications requires the
engineering of interfaces with a wide range of
chemical, physical, and/or morphological characteristics.
A wide variety of gas phase ions with kinetic
energies from 1–107 eV increasingly are being used
for the growth and modiﬁcation of state-of-the-art
material interfaces. Ions can be used to deposit
thin ﬁlms; expose fresh interfaces by sputtering;
grow mixed interface layers from ions, ambient
neutrals, and/or surface atoms; modify the phases
of interfaces; dope trace elements into interface
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regions; impart speciﬁc chemical functionalities
to a surface; toughen materials; and create micron- and nanometer-scale interface structures.
Ion-induced processes allow the engineering of
interfaces with speciﬁc wettability, hardness, resistance to corrosion, optical parameters, electronic
functionality, dimensionality, and/or biocompatibility. Technologically important ion–surface processes include the production of hard coatings for
machine tools and computer disk drives; biocompatible surfaces for tissue culture, contact lenses,
medical implants, and other biomedical devices;
antireﬂective and protective optical coatings; polymer ﬁlms for packaging and adhesives; combinatorial arrays; and chemical sensors. Current or
potential steps of microelectronics manufacturing
that involve ion–surface modiﬁcation include reactive ion etching, ion beam repair of photolithography masks, doping of semiconductors, and
development of commercially viable sub-100 nm
ion projection lithography.
Its versatility puts ion–surface modiﬁcation at
the center of a wide range of fundamental research. Not only can interface properties be adjusted experimentally via ion–surface interaction,
but experimental data can be supplemented by an
array of computational methods that accurately
model those interactions. Ion–surface collisions
also play an important role in other interface
modiﬁcation methods that might be considered
unrelated at ﬁrst glance, including plasma processing and pulsed laser deposition. However, the
collision between a speciﬁc ion of a given kinetic
energy with a surface can be readily modeled
by computer simulations. By contrast, plasmas,
sputter plumes, and laser plumes involve multiple
particles with broad energy distributions that can
only be simulated by correspondingly more complex computer models. Few interface modiﬁcation
methods possess computer modeling tools as
powerful and accurate as those aﬀorded to ion–
surface modiﬁcation.
Unlike neutrals, ions can be easily accelerated to
any kinetic energy between 1 and 107 eV. The
amount of energy imparted to a surface or buried
interface region of a material is readily controlled
by varying this kinetic energy. The chemical and
physical processes that are induced in the surface
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by ion impact also are controlled by this kinetic
energy [1–8]. A speciﬁc terminology has arisen to
deﬁne approximate ion energy ranges: ion kinetic
energies <1 eV are known as thermal, 1–500 eV
are hyperthermal, 0.5–10 keV are low energy, 10–
500 keV are medium energy and >0.5 MeV are
high energy.
Fig. 1 displays how ion–surface processes vary
with kinetic energy. Thermal ions can physisorb or
chemisorb on the surface, dissociate and chemisorb to the surface (activated dissociative chemisorption), or simply scatter oﬀ the surface with
some loss in their kinetic energy (direct inelastic
scattering). Hyperthermal ions additionally can
abstract atoms from surfaces (abstraction reactions) or dissociate and scatter if they are polyatomic (dissociative scattering). The ions also may
react with the substrate atoms to create altogether
new chemical species. These new chemical species
may be volatile or readily sputtered, leading to
surface etching (reactive ion etching). The ions
may directly react with the surface atoms to form
new species (i.e., oxide/nitride growth). Low energy ions can implant into the surface to form
an alloy or doped material (ion implantation).

Fig. 1. Fundamental molecule/surface processes: Each shaded
region designates the ion kinetic energy range over which the
associated process is studied. Adapted from Ref. [150].
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Hyperthermal and low energy ions deposit their
kinetic energy solely into the surface without affecting the bulk region. This energy deposition
causes sputtering of surface atoms as ions or
neutrals, annealing of the surface, mixing of surface atoms, creation of unique surface topologies,
and defect formation. Low energy ions also can
induce secondary collisions of substrate atoms
which cause collision cascades and result in energy
transfer far from the initial impact point. The effects of low energy ion–surface impacts have been
extensively studied by researchers in the ﬁeld of
secondary ion mass spectrometry, where the sputtered ions are used for surface chemical analysis
[9,10]. The eﬀects of the impacting ion migrate
further into the bulk region of the substrate and
away from the impact point with increasing ion
energy. As the ion energy increases into the
medium and high energy range, the ion–surface
interaction moves from predominantly a nuclear–
nuclear collision between projectile and target to
one that is primarily electronic in nature [11].
A variety of charge transfer processes occur for
ion–surface collisions across the full range of incident ion energies. These are not covered in this
paper due to their complexity and considerable
diversity [5]. It is often assumed that ions simply
neutralize at a surface, with little additional eﬀect
upon the modiﬁed surface beyond the ballistic and
chemical eﬀects of the ion. This is often a good
assumption for hyperthermal and higher incident
ion energies, where the few eV change in energy
due to neutralization is relatively insigniﬁcant.
However, ion impacts at insulating surfaces can
lead to charging and alteration of the impact energies or ﬂux of subsequent ions. Also, ion-induced
secondary electron emission is a signiﬁcant process
that can cause additional modiﬁcation of the surface region of polymers, organic ﬁlms, and other
materials [12].
Energy transfer, interface chemical reactions,
and other phenomena synergistically combine to
make ion–surface modiﬁcation an extremely versatile method. The chemical and physical processes
that are induced in the surface by the ion also
are inﬂuenced by its chemical identity. A beam of
ions of a given chemical identity can be readily
prepared by mass selection for subsequent surface

interaction. If the ion is polyatomic and impacts
with suﬃciently low energy, it may attach intact
and thereby transfer its chemical functionality to
the interface. However, polyatomic ions with kinetic energies far in excess of those required to
completely fragment interact diﬀerently with a
surface than their energy scaled atomic constituents [10,13]. A range of interface chemistries and
structures can be imparted through the selection of
a projectile ion for its elemental identity, chemical
structure, and number of constituent atoms. This
modiﬁcation can be selected for the interface while
preserving the native properties of the bulk substrate.
The incredible ﬂexibility of ion–surface modiﬁcation has been implemented in a wide range of
techniques and industrial tools. These are described schematically in Fig. 2. Ion beam synthesis,
ion beam deposition, ion beam sputtering, ion
beam sputter deposition, ion beam assisted deposition, dual ion beam sputtering, magnetron
sputtering, electron beam ion assisted deposition,
chemical assisted ion beam etching, reactive ion
beam etching, pulsed laser deposition, plasma processing, plasma immersion, ion implantation, intense pulsed ion beams, ionized plasma vapor
deposition, physical vapor deposition, and ﬁltered
arc deposition all employ ions––at least in part––to
modify material interfaces (see Fig. 2 for deﬁnitions of these terms) [1,2,6,14–20]. The role of
energetic ions is often critical in ﬁlms grown by
these various processes. Ion beam tools are also
widely used in semiconductor processing [21] and
are under consideration for sub-100 nm lithography [22,23].
Computationally, ion–surface interactions are
studied using a variety of methods. One popular
computational method is molecular dynamics, an
atomistic approach where Newton’s second law of
motion is solved quantitatively to determine the
response of atoms to the forces that are applied to
them [24]. The strengths of this method include its
ability to model both dynamical and non-equilibrium events. Its main weakness is that it is limited
to short time scales on the order of a few picoseconds or nanoseconds. However, this does not
prevent molecular dynamics from being used to
study ion–surface interactions as the time scales of
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Fig. 2. Schematic diagrams of several general experimental conﬁgurations in which ion–surface modiﬁcation is either central or plays
an important role. (a) Direct ion modiﬁcation involves simply an ion source (IS) to deposit ions ðþÞ on a substrate (S). (b) Massselected ion modiﬁcation ﬁlters out ions of a single mass-to-charge ratio for deposition on the surface. Ion beam synthesis, ion beam
deposition, ion beam sputtering, ion beam sputter deposition, reactive ion beam etching, and dual ion beam sputtering are all varieties
of direct or mass-selected ion modiﬁcation. (c) Ion beam assisted deposition simultaneously adds a source of neutral species ðÞ, to
deposit additional material or provide a reagent for ion-induced chemistry. Two variants on this method are electron beam ion assisted
deposition and chemical assisted ion beam etching. (d) Magnetron sputtering uses a magnetically conﬁned discharge to sputter ions and
neutrals from a target (T) onto S. The discharge here and in plasma processing is established by a direct or alternating voltage difference applied between T and S. (e) Plasma processing uses the gas feed into the chamber to establish the discharge, with (hopefully)
no sputtering of the electrode. Plasma immersion ion implantation, intense pulsed ion beams, ionized plasma vapor deposition,
physical vapor deposition and ﬁltered arc deposition are all types of plasma processing that utilize diﬀerent electrode geometries (i.e.,
separate second electrode used instead of substrate) and/or electrical waveforms for generating the plasma. (f) Pulsed laser deposition
employs a pulsed laser (L) to ablate a target material and thereby eject a plume of neutrals and ions for deposition onto S. All types of
ion–surface modiﬁcation typically occur in a vacuum system with an operating pressure of 6 104 torr and an input of a feed gas for
the ion gun (or discharge) into the chamber (not shown). The ion energy is deﬁned by the voltage diﬀerence between the ion source and
substrate (not shown). Amongst the wide variety of ion sources used are electron impact, discharges, thermionic, plasmas, supersonic
expansion, laser ablation and combinations thereof (often with magnetic conﬁnement) [6]. Conﬁgurations (a) through (f) are often
supplemented by one or more experimental probes to structurally and/or chemically analyze the interface region following ion
modiﬁcation.

these collisions are typically on the order of a few
picoseconds.
Modeling ion–surface interactions with atomistic
simulations such as molecular dynamics requires
careful consideration of the method or potential

used to calculate the energies, and therefore the
forces, acting on both the ions and the surfaces.
The potential used depends on the nature of the
ion’s interaction with the surface, which, in turn,
depends signiﬁcantly on the ion’s energy. For
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example, ions with several eV energy tend to
chemisorb or physisorb on the surface. This adsorption can be modeled using empirical and
semiempirical potentials that are ﬁt to experimental data and are used to determine atomistic system
energies and forces [25–28]. More accurate methods are developed from ﬁrst principles [29], or
model the atoms quantum mechanically but use
empirical methods to model interatomic interactions [30]. These same methods can be used for
impacts at higher energies where the ions penetrate
and disrupt the surface and/or dissociate if they are
polyatomic.
At incident energies of around 10 keV, the binary collision approximation is usually used. This
method assumes a series of two-body encounters
between the ion and atoms in the substrate. The
elastic scattering interactions are modeled with
repulsive interatomic potentials while inelastic interactions are modeled with potentials that assume
electronic excitation has occurred. While the binary collision approximation has found success in
modeling high energy processes, recent simulations
suggest that many-body methods are more exact
[31]. Finally, electronic stopping is dominant in
collisions at energies of about 1 MeV, requiring
the use of methods that either treat the electrons in
the system explicitly or are derived from such
methods [32].
Ion–surface interactions also are modeled with
atomistic Monte Carlo simulation methods [6,11,
33]. The most popular of the computer codes that
implement these methods for ion–surface collisions is known as TRIM (transport of ions in
matter), although a variety of related computer
codes have evolved from the original TRIM [34].
Monte Carlo simulation methods compare the
energy of a proposed new conﬁguration to that of
the original conﬁguration using the same methods
to calculate energies listed above. If the new conﬁguration is lower in energy it is accepted automatically. However, if the new conﬁguration is
higher in energy a random number is used to determine whether or not to accept it. The strength
of this method is that it relatively quickly reaches
the equilibrium geometry for the system under
study, such as a thin ﬁlm that has been deposited
from incident ions. Its weakness is that no dy-

namical information is available. Sometimes
computational approaches use a combination of
molecular dynamics and Monte Carlo methods to
model ion deposition of thin ﬁlms. This is usually
accomplished by using molecular dynamics to
model the ion impacts and Monte Carlo simulation steps to model the relaxation of the system
prior to the deposition of the next ion in the beam.
Non-atomistic phenomenological models are
also used to characterize the cumulative eﬀects
of ion deposition. For instance, semiquantitative
models are used that rely on mathematical expressions to keep track of the various processes
that can occur during ion–surface interactions and
their probabilities. These models are used to determine penetration, adhesion, and defect formation for low energy ion bombardment of surfaces
as a function of the reaction conditions [35–37].
The strength of this approach is that after the
model has been applied and the results compared
to experimental data, information on which ion–
surface interactions are most important in producing a given thin ﬁlm is available. Its weakness is
that the model might represent an unphysical
conclusion that nevertheless matches experimental
data. Additional mathematical models focus on
sputtering rather than thin-ﬁlm growth [7,9].

2. Examples
Several examples are used to demonstrate the
variety of technologically important interface
modiﬁcation that is possible with gas phase ions.
These examples have been selected to demonstrate
how the choice of the ion and its kinetic energy
controls modiﬁcation and deposition for several
diﬀerent materials. However, the wide breadth of
the ﬁeld dictates that these few examples do not
fully cover the entire range of ion–surface modiﬁcation.
2.1. Thin-ﬁlm growth and chemical modiﬁcation
2.1.1. Hard carbon nitride ﬁlm growth
Ion–surface collisions play an important role in
the production of mechanically hard ﬁlms [38].
Theoretical calculations predict that a speciﬁc
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phase of carbon nitride, b-C3 N4 , is harder than
diamond and displays similarly high thermal conductivity [39]. The many potential applications for
such a material have encouraged the materials
science community to synthesize either b-C3 N4 or
some other variety of hard carbon nitride ﬁlm.
Some of the attempts to produce b-C3 N4 ﬁlms
utilize mass-selected hyperthermal or low energy
ions by codeposition of Cþ and Nþ , implantation
of Nþ or Nþ
2 into graphite or diamond, or code
position of C
[40–44]. The resulting
2 and CN
carbon nitride ﬁlms typically display diﬀering morphologies, mixed phases, and varying C/N ratios.
Analytical modeling of the ion beam growth of
carbon nitride provides insight about the competition between the processes that lead to thin-ﬁlm
formation––deposition, implantation, diﬀusion,
and densiﬁcation––and the sputtering and damage
to the ﬁlm from the energetic ions [36]. Magnetron
sputtering (see Fig. 2) of graphite targets with nitrogen/argon gas mixtures also may be applied to
grow b-C3 N4 ﬁlms [40,45,46]. Films grown from
magnetron sputtering with a substrate bias of
300 eV are both hardest and smoothest, although
they are not of the desired b-C3 N4 phase [46].
Since the substrate bias causes the acceleration of
ions, it is clear that a hyperthermal ion energy is
important to growth of high quality carbon nitride
ﬁlms. Magnetron sputtering is now used by many
manufacturers to grow hard carbon nitride ﬁlms
on hard disk drive surfaces, improving hard disk
lifetimes by reducing wear from the read/write
heads [44,46]. Formation of high quality, single
phase, crystalline b-C3 N4 remains a controversial
topic, although recent advances are moving closer
to this goal [47]. Nevertheless, the commercial
success of hard carbon nitride ﬁlms in hard disk
drives remains an important vindication of ionbased ﬁlm growth methods.
2.1.2. Metal thin ﬁlms
The controlled growth of metallic thin ﬁlms is
important for the production of a variety of electronic devices such as transistors. Because the
metal needs to cover areas on the order of a few
micrometers, conventional deposition techniques,
such as electroplating, cannot be used. The preferred method of deposition is currently magne-
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tron sputtering. However, this method is not
precise enough to be used for contacts on the nanometer scale, which are becoming increasingly
important as the size of electronic devices continues to decrease. Two methods that show promise
for the production of metallic ﬁlms with the needed
precision are metal ion beam deposition and metal
cluster beam deposition.
The quality of metal ﬁlms produced through
metal ion deposition depends on several factors, as
indicated schematically in Fig. 3 [5]. The most
important is the incident energy which is usually
on the order of several eV. Other important factors

Fig. 3. Schematic showing the various processes that can occur
for metal ion deposition. Panel (a) shows how deposition at low
incident energy leads to the formation of rough thin ﬁlms while
deposition at higher incident energies yields smoother ﬁlms but
also leads to an increase in sputtering. Panel (b) shows how
deposition at normal incidence leads to the formation of
smoother ﬁlms than deposition at an oﬀ-normal angle but that
the amount of sputtering is higher at normal incidence. Panel
(c) compares the deposition of mixed ﬁlms at low and high
incident energies. The degree of mixing and smoothness of the
ﬁlm increases with energy.
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are the crystal structure of the surface, the incident
angle, and the relative densities of the incident ion
and the surface atoms. As the incident energy increases, the deposited ions have enough energy
to preferentially diﬀuse such that layer-by-layer
growth is achieved if this is thermodynamically
preferred for the system in question. In contrast,
very low energies generally yield thin ﬁlms with
signiﬁcant surface roughness [48]. Combined molecular dynamics and Monte Carlo simulations
provide details about the diﬀusion and coalescence
of islands during deposition to form single layers
and how these processes change with variations in
reaction conditions [49]. For example, the simulations show how intermixing between disparate
layers occurs when the incident metal ions are
diﬀerent from the metal substrate, and how this
intermixing increases with incident energy. Surface
roughness and the shapes of the structures formed
also increase in magnitude if the deposition angle
increases from the normal [50]. This is due to longrange interactions between the incident ions and
the surface, called steering, that become increasingly important at large angles. Steering causes the
ions to deposit preferentially on top of islands
rather than at island edges, which accounts for the
roughness of the surface. Sputtering of the surface
is a side eﬀect of metal ion deposition. As expected, the amount of sputtering increases as the
ion’s kinetic energy goes up but decreases with
increasing angles from the surface normal [51].
It should be noted that when metal ions are
deposited with energies in the tens of keV range,
collision cascades are created within the material
that cause local melting [52]. When the molten
metal cools, nanometer-scale amorphous regions
and defect clusters form within the bulk [53]. This
is especially apparent when heavier ions impact a
less dense metal substrate. Interstitial point defects
and islands can also result [54]. Thus, these high
energy bombardments create unique nanostructures and defects near the surface with unusual
properties.
The deposition of metallic thin ﬁlms from clusters is well studied because of the unique properties of cluster beams compared to atomic ion
beams [55]. These include the large concentration
of atoms and energy that is deposited in a localized

region of the surface that facilitates thin-ﬁlm
growth and at the same time causes increased
surface damage and sputtering. However, except
under extreme conditions, clusters do not penetrate as deeply as single atoms because of their
large size [56]. Thus, they have the ability to
modify selectively a shallower region of the surface
than single ion beams. Despite these beneﬁts, there
are experimental problems producing clusters in a
reliable manner and verifying their size distribution [57].
One dependable method for depositing metal
clusters is with a combination of a magnetron
sputter discharge and a gas aggregation source
[58]. Deposition conditions include relatively low
temperatures of about 500 K and high kinetic
energies of 10 eV/atom for clusters of several
thousand atoms [59–61]. Thin ﬁlms grown using
this method are smoother than comparable ﬁlms
formed by evaporated deposition and have a dense
‘‘mirror-like’’ ﬁnish and good adhesion to a variety of substrates. This process is modeled with
molecular dynamics simulations. The top four
panels of Fig. 4 contains snapshots from a simulation where a 2000 atom Cu cluster is deposited
on a Cu surface with 10 keV of energy [62]. Immediately after impact, a temperature of several
1000 K and a pressure of 80 GPa is produced at
the contact area. This pressure pulse is the driving
force for a shear process that forms a surface
crater. However, the uphill shear motion is impeded by the additional surface atoms so the crater
rim formation is suppressed. In the opposite direction there is no such obstacle which allows the
rim to slip downhill. The high pressures and temperatures cause an alloying of the substrate with
the deposited material leading to a strong adhesion
of the coating.
In contrast, highly disordered, porous structures
are formed if lower incident energies are used. An
example of such a ﬁlm is shown in the bottom
panel of Fig. 4. In this case, a beam of Cu clusters
containing 1000 atoms each are deposited on a Cu
surface with 10 eV of energy (leading to so-called
soft landings) in molecular dynamics simulations
[63]. The resulting ﬁlm exhibits dendritic growth
with high roughness, low density and poor adhesion to the substrate. These predictions agree with
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the results of experiments that use laser vaporization to produce smaller (5–10 atoms/cluster)
charged and neutral metal clusters that impact
with thermal or hyperthermal energies. These experiments reveal that the clusters keep their shape
after deposition giving rise to unusual nanostructured ﬁlms [64].
Atomistic simulations [65–68] shed light on additional ways in which changes in the reaction
conditions lead to fundamentally diﬀerent thin
ﬁlms. For example, they show that smaller clusters
(of a few atoms) are more likely to embed themselves into the surface while larger clusters (of
more than 50 atoms) are more likely to spread
across the surface. In the case of deposition on a
surface composed of a diﬀerent material, they
provide information on the way in which the
outcome depends on the relative cohesive energies,
chemical properties, and atomic masses of the
clusters and surfaces. For example, Al does not
penetrate Ni because of the mass diﬀerence but
instead spreads epitaxially, while Ni clusters easily
penetrate and embed themselves into Al surfaces.
Finally, at high enough impact energies of a few
eV/atom, simulations have shown that excitation
of electrons is more likely to occur during the early
stage of the cluster contact with the surface when
the cluster is highly compressed. These coreexcited atoms decay by Auger emission following
scattering oﬀ the surface [32].

Fig. 4. The top four panels show snapshots from a molecular
dynamics simulation of a 2000 atom Cu cluster (red spheres)
impinging onto a tilted Cu(0 0 1) surface (blue spheres) at 10
keV of energy. Each panel is labeled with the time from initial
contact of the cluster with the surface. The bottom panel shows
the ﬁnal snapshot from a molecular dynamics simulation of a
beam of 1000 atom Cu clusters with 10 eV kinetic energy depositing onto a Cu(0 0 1) surface. Note how the quality and
character of the ﬁlms change dramatically with incident cluster
energy. Figure used with permission of Elsevier [62,63].

2.1.3. Organic thin-ﬁlm deposition and chemical
modiﬁcation
Hyperthermal atomic ions can be used to
chemically modify surfaces or deposit thin ﬁlms
[2]. Small polyatomic ions can induce selective
chemical modiﬁcation of polymer and semiconductor surfaces [69,70]. Certain polyatomic ions
land as intact species upon ﬂuorocarbon surfaces
at 10 eV collision energies [71,72]. Polymeric
ﬁlms for applications in optoelectronics can even
be grown from organic ion sources [73].
Chemical modiﬁcation by polyatomic, organic
ions can be quite selective, with strong dependence
upon the ion structure and kinetic energy [74,75].
Fig. 5 displays the chemical composition of ﬂuorocarbon ﬁlms grown on a polystyrene surfaces
þ
from 25–100 eV CFþ
3 and C3 F5 ions. Each ion
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C 3 Hþ
5 on polystyrene. Fig. 6 shows the eﬀect of
changes in the ionic structure, in this case C3 Hþ
5,
on the results of impacts with polystyrene at 50 eV
[74,75]. In addition to the ground state CH2 –Cþ H–
CH2 structure, two excited states are considered,
CH3 –Cþ @CH2 and CH3 –CH–Cþ H. Panels (a)–(c)
in Fig. 6 show representative dissociation products
for these isomers in snapshots from the simulations while panel (d) summarizes some of the important dissociation products that remain on the
surface as a function of isomer type. Signiﬁcant
diﬀerences are predicted, such as the enhanced
production of methyl radicals for isomers that
already contain CH3 structures. The simulations
reaﬃrm that the ground state isomer is the most
stable and predict that the CH3 –CH@Cþ H isomer
is the easiest to dissociate on impact.

Fig. 5. Chemical composition of polystyrene thin ﬁlms modiþ
ﬁed by 25–100 eV CFþ
3 and C3 F5 ion beams, prepared with ion
doses equivalent to 1:5  1016 F atoms/cm2 . The percentages of
each ﬂuorocarbon component are normalized by removal of the
non-ﬂuorinated component. These ﬂuorocarbon ﬁlms are several nm thick and 30–60% ﬂuorine, with the remaining composition carbon. Figure adapted from Ref. [75].

leads to diﬀerent polystyrene ﬁlm chemistry, when
compared at either similar total ion energy or energy/atom. These ions form a distribution of different ﬂuorocarbon functional groups in amounts
dependent upon the incident ion energy, structure,
and ﬂuence (Fig. 5). Both ions deposit mostly intact upon the surface at 25 eV, with C3 Fþ
5 maintaining a structure similar to the proposed
CF2 @CFCFþ
2 gas phase structure [74,75]. However, both ions undergo some polymerization upon
deposition. Fragmentation of the ions increases as
the ion energies are increased to 50 eV. Both ions
form covalent bonds with the polystyrene surface
at all energies. Finally, organic ﬁlm growth from
hyperthermal ions is actually a balance between
growth and etching processes [8].
Further information on hyperthermal C3 Fþ
5
deposition is obtained by molecular dynamics
simulations on the analogous hydrocarbon system,

2.1.4. Organic cluster ion deposition
The deposition of carbon or hydrocarbon clusters is used to grow several types of ﬁlms from
polymeric to diamond-like carbon. Such ﬁlms
could be used as protective, lubricating coatings
for computer hard disks, coatings for medical implants, or as dielectrics. As in the case of metal
cluster deposition, the incident energy plays a
crucial role in determining the structure and properties of the ﬁlm. For example, when carbon
cluster beams are deposited on metallic and polymeric surfaces at low velocities, nanostructured
ﬁlms form because the carbon clusters tend to retain their structure [76]. These ﬁlms are found to
have good adhesion to the substrate and may be
used in electrochemical applications because of
their stability and high surface area. In contrast,
when carbon clusters ranging from tens to hundreds of atoms are deposited at thermal energies,
similar nanostructured diamond-like ﬁlms form
that are only metastable with low adhesion to the
substrate [77].
Atomistic simulations are used to study the
chemistry that occurs within the cluster following
organic cluster–surface impacts [78]. For instance,
simulations describe the deposition of pure carbon
clusters ranging in size from a few tens of atoms to
a few hundreds of atoms, where the larger clusters
are fullerenes. The clusters are deposited with energies of 0.1–1 eV/atom. The simulations reveal
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Fig. 6. The top three panels show snapshots from molecular dynamics simulations of three isomers of C3 Hþ
5 deposited on polystyrene
at incident energies of 50 eV. The bottom panel shows a statistical representation of some of the results. Panel (a) is a representative
snapshot from the deposition of CH3 –CH–Cþ H, panel (b) is a representative snapshot from the deposition of CH2 –Cþ H–CH2 , and
panel (c) is a representative snapshot from the deposition of CH3 –Cþ –CH2 . Note how the ion fragments change with changes in the
isomer structure. Panel (d) shows the percentage of the indicated products that remain bonded to or embedded in the polystyrene
surface after deposition has fragmented the original ion. The results in panel (d) are averaged over 40 trajectories for each isomer to
provide a statistical representation of possible outcomes. Figures adapted from Refs. [74,75].

that cluster size distribution plays a crucial role
[79]. Films are homogeneous, graphitic, and relatively high density when grown with a bimodal
distribution of cluster sizes and a larger fraction of
small clusters compared to large clusters. Films are
more porous and lower density with a random

inhomogeneous, graphitic structure when a bimodal distribution is used with more large clusters
than small clusters. Films become more dense and
uniform as the clusters’ energy increases––in agreement with experimental results––when a unimodal
distribution of clusters is used.
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Organic molecular clusters may also be deposited at energies of 5–80 eV/molecule. In this case
collisions among the cluster molecules on impact
play an important role in promoting addition
chemistry and adhesion to the surface [80]. Consequently, the resulting ﬁlms are polymeric rather
than graphitic or diamond like. Clusters of more
reactive molecules, such as ethylene, are predicted
to form thin ﬁlms at lower incident energies than
clusters of less reactive molecules such as ethane
[80]. Smaller clusters of a few tens of atoms form
thin ﬁlms more eﬃciently than large clusters of
several hundred atoms which scatter most of their
products away from the surface [81]. This result
contrasts directly to what is predicted for metal
clusters deposited on metal substrates. Finally,
nucleation of the thin ﬁlm depends on the reactivity of the surface [82], which can be inﬂuenced
by the presence of a growing ﬁlm [82,83].
2.2. Doping
Ion–surface collisions are intimately involved in
several steps of the microelectronics manufacturing
processes [84]. One crucial process is the doping of
silicon wafers to create various features in complementary metal-oxide-semiconductor (CMOS)
transistors [21]. Boron (Bþ ), phosphorous (Pþ ),
and arsenic (Asþ ) are implanted into silicon at
kinetic energies ranging from 5 keV to 1 MeV and
doses ranging from 1011 to 1015 ions/cm2 . The
dopant ion, its kinetic energy, and dose are selected depending upon the speciﬁc feature desired
in the microelectronic device.
The need to shrink the dimensions of integrated
circuits is progressing rapidly. The gate length of a
CMOS transistor constructed on a silicon-based
integrated circuit, 2 lm in 1975 and 0.35 lm in
1997, is now targeted to drop below 100 nm within
the next few years [21]. Successful construction of
these sub-100 nm CMOS transistors requires that
B-doped regions be conﬁned to similarly sized
volumes of the Si substrate.
þ

2.2.1. B doping of Si with low energy B
The keV to MeV energies of Bþ ion beams
commonly used to dope Si substrates are expected
to be too high to achieve sub-100 nm features. For

example, 60 keV Bþ implantation in Si leads to a
signiﬁcant B concentration ranging from 40 to
260 nm below the surface [21]. Furthermore, the
required annealing of the Si substrate subsequently
leads to diﬀusion of the implanted B atoms which
broadens this distribution out to an 400 nm
depth. When the Bþ initially impacts the surface, it
creates a damage region known as a collision
cascade, which is due to the secondary collisions of
substrate atoms. This collision cascade region is
composed of many Frenkel pairs, where a single
Frenkel pair is deﬁned as an interstitial atom (a Si
atom that resides between the atoms in the regular
Si crystalline lattice) and a vacancy (the space
remaining in the lattice when that Si atom is
removed). While many of these Frenkel pairs
recombine upon annealing, defective regions remain that lead to damage-enhanced diﬀusion of
the implanted B atoms. The ion implantation,
thermal annealing, and defect production can be
quite accurately predicted by Monte Carlo simulations.
The penetration depth of the ion into the Si
substrate and the substrate defects are both
roughly proportional to the ion energy: higher ion
energies lead to deeper B penetration and greater
numbers of substrate defects. Therefore, lower Bþ
ion implantation energies reduce the spatial extent
of the ﬁnal B dopant proﬁle and allow production
of shallower CMOS transistor gates [21,85–87].
For example, a 2 keV Bþ ion implantation followed by annealing produces B-doped regions that
are only 200 nm deep. Bþ ion implantation energies can be reduced again to 100–1000 eV, further
narrowing the preannealing depth proﬁle to below
100 nm. However, damage-enhanced diﬀusion that
occurs when the substrate is subsequently annealed becomes the limiting factor in the ﬁnal B
depth distributions for <1 keV ions. Various annealing and preamorphization strategies have been
considered to overcome the problem of damageenhanced diﬀusion during annealing.
2.2.2. B doping of Si with low energy B10 Hþ
14
Another method for producing ultrashallow
junctions in Si is B doping with B10 Hþ
14 [56,88]. One
advantage of using B10 Hþ
for
B
doping
is the
14
polyatomic-surface collision dynamics reduce the
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implantation depth of the B individual atoms into
the Si substrate. Although coulombic repulsion
between ions becomes signiﬁcant and begins to
limit beam current at lower ion energies [21], the
10 B atoms per charge for a beam of B10 Hþ
14 allows
an order of magnitude greater ﬂux of B atoms
compared with a Bþ at similar ion energy and
current. Furthermore, the energy per atom for
þ
B10 Hþ
14 is only 9% of that for B at similar absolute
ion energy.
Molecular dynamics simulations on the impact
of 4 keV B10 Hþ
14 ions with Si [89] reveal that 90% of
the preannealed, implanted B lies within 5 nm of
the surface, although 10% of the B atoms are
channeled to depths > 9 nm. The interstitial atoms
and vacancies induced by 4 keV B10 Hþ
14 ion impact
are conﬁned to the uppermost 5 nm of the surface.
Fig. 7 displays the outcome for the impact of a
single 4 keV B10 Hþ
14 at the Si surface. Panel (a) of
Fig. 7 displays the slight swelling and crater induced by the B10 Hþ
14 impact. The same collision
event at a 11.5 nm square Si crystal is shown from
a diﬀerent perspective in panel (b) to display the
spatial distribution of the B atoms (orange balls),
H atoms from B10 Hþ
14 (green balls), and displaced
surface Si atoms (purple balls). Panel (c) of Fig. 7
displays the same perspective as in panel (b), but
displays only the interstitial Si atoms (purple
balls). These results reveal that 4 keV B10 Hþ
14 implantation in Si induces very shallow preannealed
B doping and defect distributions. Experiments
conﬁrm the basic ﬁndings of the simulations
[56,88,90], but other factors must be considered for
commercial implementation [90].
2.3. Etching and lithography
2.3.1. Etching and growth of SiO on Si
Etching and lithography are two other processes
in which ion–surface modiﬁcation plays a central
role [21–23,91]. The controlled growth of silicon
oxide thin ﬁlms from oxygen plasmas or ion beams
is a method available for microelectronics manufacturing [5,84]. This thin-ﬁlm growth process is
balanced between deposition and etching processes. Fundamental reaction mechanisms inherent in these processes can be explored with a
monoenergetic ion beam under ultrahigh vacuum

Fig. 7. Panel (a) shows the damage of a Si(1 0 0) crystal after
impact of 4 keV B10 Hþ
14 . Note the surface swelling adjacent to a
small crater. Panel (b) shows the crystal drawn from a diﬀerent
perspective where only the Si adatoms (purple balls) and the
implanted atoms are shown (orange balls for B and green balls
for H). Panel (c) displays the distribution of the interstitial Si
atoms (purple balls). In panels (b) and (c), the crystal surface is
11.5 nm square. Figure used by permission of the American
Institute of Physics [89].
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conditions. A Si(1 0 0) surface, exposed to 40–200
eV Oþ ions, develops a thin oxide ﬁlm 4 nm thick
[92]. Further oxidation of the surface is balanced
by erosion of the oxide layer during reactive Oþ
ion bombardment. For example, 70 eV Oþ striking
the SiOx ﬁlm produces various scattered ions: Siþ ,
SiOþ , O , and O
2 . The product ion yields strongly
increase with Oþ dose as the oxide ﬁlm develops.
Isotopic labeling experiments deﬁne the origin of
each oxygen atom within the nascent O
2 product
[93]. An isotopically pure Si16 Ox ﬁlm is grown on
Si(1 0 0) using a mass-ﬁltered 16 Oþ ion beam. Then
the ion beam is switched to deliver only 18 Oþ to the
surface. The resulting scattered O
2 products exhibit a mass of 34 amu exclusively, due to 18 O–
16 
O [93]. It follows that O
2 must be generated
with an oxygen atom from the incident ion beam
and an oxygen atom from the silicon oxide layer.
The lack of signal at 32 and 36 amu demonstrated
that O
2 is not formed by sputtering of the oxide
ﬁlm or by recombination of two incident oxygen
atoms, respectively. Measurements of the scattered
ion angular and kinetic energy distributions (not
shown) indicate that the peak of the scattered O
2
ﬂux lay near the specular angle. Furthermore, the
mean kinetic energy of the O
2 products increased
linearly with incident Oþ kinetic energy. The correlation between incoming Oþ momentum and
outgoing O
2 momentum provides strong evidence
for a direct abstraction mechanism [94]. This contrasts with the Siþ , SiOþ and O product channels,
where cascade sputtering accounts for the majority
of the observed signal.
2.3.2. Repairing photomasks with focused ion beams
One commercial application for focused ion
beams is the repair of photomasks. Photomasks
are the templates used for transferring the patterns
of microelectronic circuitry from a computer design ﬁle onto raw Si wafers via optical lithography
[84]. The photomask is a glass plate with Cr features that are transferred onto the glass surface by
an electron beam or laser writing process. Each
photomask is inspected following production to
reveal errors in the writing process. Two types of
errors are typical: either extraneous Cr features
appear where they do not belong or Cr features are
missing where they should appear. These errors

are corrected by use of a focused ion beam repair
tool [95]. This instrument has a low energy Gaþ
beam that is focused to 100 nm. It also has a
secondary ion mass spectrometry imaging system
that distinguishes Crþ sputtered from the Cr features by the incident Gaþ ion beam from Siþ
sputtered from the glass. Extraneous Cr features
are repaired by sputtering them away with the Gaþ
beam until the Crþ signal is no longer observed.
Panel (a) in Fig. 8 displays a photomask with Cr
features displayed as blue and glass features as

Fig. 8. Panel (a) shows a photomask with Cr features displayed
as blue and glass features as either gray or pink when adjacent
to Cr (bar at right ¼ 2 lm length). A large blue feature corresponding to extraneous Cr dominates the upper center. Panel
(b) shows the same photomask following repair with the Gaþ
ion beam: the extraneous Cr feature is now missing and has
been replaced with the correct Cr/glass pattern.
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either gray or pink when adjacent to Cr (bar at
right ¼ 2 lm length). A large blue feature corresponding to extraneous Cr dominates the upper
center of panel (a). Panel (b) in Fig. 8 displays the
photomask following repair with the Gaþ ion
beam: the extraneous Cr feature is missing and has
been replaced with the correct Cr/glass pattern.
Missing Cr features also can be repaired by Gaþ
ion beam stimulated deposition of graphitic carbon onto the glass surface. Graphite carbon is
formed by decomposition of an adsorbed organic
compound by the energetic Gaþ ions. The organic
compound can be pyrene, styrene, indene, or other
aromatic hydrocarbon that is introduced as a
vapor into the system [96].
2.3.3. Patterning self-assembled monolayers and
polymers
Ion beam etching also can be used to pattern
organic materials and polymers. 50–140 eV Arþ
ion beams may be used to pattern organosilane
self-assembled monolayers by simply masking a
portion of the beam from the monolayer [97]. The
ion beam patterns are then transformed into >100
nm thick Ni features by a wet chemical process
known as electroless metallization. Poly(methyl
methacrylate) and other polymeric photoresists
also can be etched by a 100 keV broad beam of
þ
Hþ , Hþ
2 , or He ions projected through a stencil
mask that blocks portions of the beam [22,23].
This technology is the basis for ion projection lithography, which is being considered for sub-100
nm lithography to produce the next generation of
microelectronics devices. Alternatively, 300 nm
line widths may be created on organosilane selfassembled monolayers by focused beams of 50–
280 keV Gaþ , Si2þ , Auþ , and Au2þ followed by
electroless metallization [97]. These line widths
readily can be narrowed to <50 nm by better ion
beam focusing [21]. Photoresist polymers also can
be etched by focused ion beams [98].
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maintaining the bulk properties of the polymers
[99]. Such changes could allow for polymers to
be used in, for example, manufacturing applications where mechanical degradation is currently a
problem. These improved properties result from
cross-linking at the polymer surface caused by localized structural damage from the ions. Increasing the incident energy increases the penetration
depth of the ions but does not increase the amount
of cross-linking. For ion energies of several hundreds of keV to several MeV, the modiﬁcation
depth is only a few microns, with the exact depth
decreasing as the mass of the incident ion increases. However, ions with higher masses are
more eﬃcient at inducing the surface cross-linking
than lighter ions. To get a good balance between
depth and eﬃciency of cross-linking, multiple ions
(e.g., Heþ and Arþ at 1 MeV) can be used [100,
101].
Ion implantation has been used successfully to
modify several polymers such as polycarbonate,
polyimide, polystyrene, and polyetheretherketone.
Ion implantation can lead to increases in hardness
of about two orders of magnitude and reduction of
friction coeﬃcients by about one order of magnitude. Polytetraﬂuoroethylene and certain other
polymers do not respond well to ion bombardment, however, and simply degrade. It is thought
[102] that when the incident ions transfer their
energy to the surface through ionization or electronic excitation of the substrate atoms, crosslinking results, while direct nuclear collisions that
scatter the ions result in surface degradation.
Classical molecular dynamics simulations of ion
implantation on polyethylene [103,104] predict,
however, signiﬁcant cross-linking near the surface
without including electronic eﬀects. They also
predict that the ratio of broken C–H to C–C bonds
decreases with the increasing mass of the ions and
that the total number of bonds broken depends
linearly on the incident energy in agreement with
experimental observations.

2.4. Materials Toughening
2.4.1. Toughening polymers with keV–MeV atomic
ion beams
Ion implantation of polymeric materials can
produce a hard and wear-resistant surface while

2.4.2. Toughening steel with keV–MeV atomic ion
beams
The implantation of N, C, O, Hf, Er, Cr, Ti,
and Y ions into steel signiﬁcantly improves the
hardness, toughness and wear properties of these
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materials [105–111]. In addition, the friction coeﬃcients are decreased [112,113]. These ﬁndings
have important implications for steel tools for
which considerable cost savings could be achieved
if the lifetimes of active use of the tools could
be extended. The ions are generally implanted at
low to medium energies, leading to considerable
changes in the structure and microstructure of the
surface and near-surface regions of the alloy. The
mechanisms by which these various ions modify
the mechanical properties of the material are not
well understood and appear to depend on the type
of ion implanted. For example, there is evidence
that carbon implantation leads to the formation of
amorphous areas with ﬁne metal carbide grains
and graphitic phases that could act as lubricating
layers [112,113]. In the case of nitrogen implantation, hard metal nitride formation is thought to
be responsible for the increased hardness of steel,
while oxygen ion bombardment leads to the formation of oxide layers in the near-surface region of
the steel [114]. Studies [114–118] have also found
that implanting a metal ion and an oxygen ion
either at the same time or sequentially leads to
even greater improvement in the mechanical properties of the steel. When one considers the implications of this research just on manufacturing
and the lack of fundamental understanding of the
mechanisms behind these results, it is clear that
this area deserves further study at both the fundamental and applied level.

3. The future
The examples developed in the previous section
show that the growth and modiﬁcation of materials through ion–surface processing can be used
to create a wide range of materials for a variety
of applications. Nevertheless, the mechanisms by
which many of these processes occur remain undetermined. This is especially true for materials
that are themselves inherently complex. For example, it is diﬃcult to determine fundamental
mechanisms for ion modiﬁcation of steel, which
contains numerous components and whose microstructure and properties can vary widely with
changes in processing conditions. It is expected

that an improved understanding of these mechanisms should lead to important improvements in
manufacturing that are crucial for the processing
of the next generation of tools and devices. An
indication of research areas for which ion–surface
modiﬁcation promises considerable scientiﬁc and
technological advances in the new millennium is
provided below.
3.1. Formation of nanostructures
Nanometer-scale structured ﬁlms and materials
(nanostructures) are an increasingly active area of
research because they promise unique mechanical,
electronic, and chemical properties. One area for
future advances is increased process control for the
doping of electronic materials as the dimensions of
electronic devices continue to shrink. A promising
new direction is the creation of buried interfaces
by doping selective regions of microelectronic circuits with medium energy ion beams. In addition,
metallic superlattice structures can exhibit giant
magnetoresistance provided they are grown with
smooth, defect-free interface structures. Improvements in ion–surface processing could result in the
manufacture of superlattice structures with more
layers that will have the necessary properties to be
used as sensors, disk drives, or memory elements.
One area where nanoscale science has already
begun to interact with ion–surface modiﬁcation is
the energetic surface collisions of Cþ
60 and other
fullerene ions. Thermal deposition of buckyball
fullerenes (C60 ) leads the formation of nanostructured thin ﬁlms where the components of the ﬁlm
retain the electronic structure of the deposited
buckyballs [77,119]. Simulations of 0.15 keV C60
deposition predict both reactive and elastic collisions [120]. Experiments at similar energies [121]
ﬁnd that 0.15 keV impacts depend greatly on the
nature of the substrate being impacted. At 0.5 keV,
graphite targets will scatter back some of the incident buckyballs, while metal substrates ﬂatten
and dissociate them. At 1 keV, smooth, amorphous, diamond-like, hydrogen-free ﬁlms are produced that contain graphitic crystallites embedded
within the amorphous lattice [121]. Atomistic
simulations at 1 keV show the buckyballs fall
apart and the atoms then agglomerate within the
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surface to form carbon nanostructures [122]. At
energies of several keV, simulations predict that
a hot zone develops in the area of impact that
propagates away in waves [123]. This leads to the
formation of protrusions and hillocks that have
been experimentally observed [124].
Fullerene–surface collisions are but one means
of forming nanostructures by the transfer of intact
nanometer-sized species to surfaces. Formation of
nanostructures also can be accomplished with
metal cluster ion deposition (see Section 2). These
methods are being explored to make novel cluster
catalyst materials that are stabilized against sintering. Biomolecular ions––formed by methods
developed for biomolecular mass spectrometry
[125]––can also be collided with surfaces to form
nanostructures. For example, 150 keV lysozyme
ion impacts create well-deﬁned nm sized defects in
graphite [126]. In fact, the shapes of these surface
defects are used to determine the gas phase structure of the lysozyme ion. The size of biomolecular
ions can range from <0.5 to >10 nm, depending
upon their mass and structure: deposition of these
ions opens the possibility of nanostructured surfaces with similar (albeit random) dimensionality.
More subtle eﬀects might occur at yet lower energies. For example, ion scattering studies of 200–
700 amu peptide ions found a strong dependence
in ion–surface energy transfer with peptide mass
[127]. These unusual energy transfer eﬀects could
translate into new phenomena in biomolecular
ion–surface modiﬁcation.
The nanostructure of ion-induced substrate
features also is aﬀected by the ion-induced collision cascades that extend into the 10s nm range as
the ion energy approaches 10 keV. MeV ion–surface bombardment can transfer a large amount
of energy to the substrate, albeit via electronic
excitations. These electronic excitations cause collision cascades within the substrate and can lead
to the formation of unusual defects and nanostructures with unique properties (e.g., damage tracks extended deep into a substrate) (for
example, see Ref. [128] and other articles in that
issue).
Simple sputtering of surfaces with low energy
atomic ions can lead to regular or irregular
nanostructures. Cones can form on surfaces by
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removal of material around impurities that sputter
ineﬃciently [7]. Tuning the incident ion angle and
surface temperature can cause nm-sized regular
ripples on a surface formed by competition between erosion and surface atom diﬀusion [129].
Hyperthermal ion sputtering of graphite followed
by reactive etching with oxygen gas forms welldeﬁned nm-scale etch pits [130]. Researchers are
increasingly likely to produce unique nanostructures by various combinations of low energy ion
sputtering, deposition of sputtered atoms, annealing, and gas–surface reactions. Slow multiply
charged ions also can be used to produce nanostructures due to their unique charge transferinduced sputtering mechanism [131].
Hyperthermal polyatomic ions can also be used
to generate nanostructures at interfaces. Fig. 9 is
an image from an atomic force microscope (in
tapping mode) of a ﬂuorocarbon ﬁlm grown on a
polystyrene surface by 100 and 50 eV C3 Fþ
5 (see
Fig. 5 for chemical analysis of this same surface).
Both dimensions of these features vary considerably with ion energy. The polyatomic ion energy,
ﬂuence, and identity thereby constitute direct
means of controlling the nanostructure on an interface. Nanostructuring of polystyrene is also
observed for low energy atomic ion bombardment
[132].
Yet another means of nanostructuring interface
regions is via focused ion beams (see Section 2).
Focused ion beams with beamwidths as narrow as
20 nm are now available and can be employed for
lithography via ion exposure of a resist, ion milling,
gas-assisted etching, and ion assisted deposition of
material [133]. Three-dimensional nanoscale patterning is feasible with focused ion beams [134].
Focused ion beams or ion projection lithography
also can be combined with microcontact printing
techniques to nanopattern even curved surfaces
[135].
3.2. Combinatorial searching of new materials
Combinatorial materials science is rapidly becoming the dominant means by which new materials with favorable properties are discovered [136].
The method involves the production of a twodimensional array of material samples (library)
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3.3. Biointerfaces

Fig. 9. Panel (a) shows the atomic force microscope image of
ﬂuorocarbon ﬁlm grown on a polystyrene surface by 100 eV
C3 Fþ
5 ions. Panel (b) is the same except the ﬁlm is formed by 50
eV ions. (see Fig. 5 for chemical analysis of this same surface).
Diﬀerently shaped features with size ranging from 1.5 to 3.0 nm
are observed for both ion-modiﬁed surfaces. The roughnesses of
the 50 and 100 eV C3 Fþ
5 ion-modiﬁed polystyrene surfaces are
 (RMS), respectively, indicating that
1:8 0:2 and 7:4 0:6 A
the higher ion energy leads to a rougher surface. By contrast,
the roughness of the unmodiﬁed polystyrene surface is 1:0 0:2
.
A

with each sample produced under slightly diﬀerent
processing conditions. These libraries are screened
for desirable physical properties, then the data
used to further reﬁne the processing conditions or
the optimal sample selected for use. The entire
process is typically highly automated to permit the
rapid screening of large numbers of libraries. Libraries also can be produced as a continuous ﬁlm
with smoothly varying processing conditions [137].
Ion beam processing is ideal for combinatorial
searching of new materials since it is simple to vary
the ion energy, ﬂuence, or ion identity in an automated fashion [151].

Biointerfaces are widely considered one of the
important frontiers in surface and interface science
(see the article by Matthew Tirrell in this volume).
Several ion–surface modiﬁcation strategies are
being actively employed to create surfaces with
tailored biological activity by controlling their
chemistry, morphology, or mechanical properties. Ion implantation improves corrosion resistance or reduces wear in implanted metal devices
[138]. Low energy Mgþ implantation into alumina improves the growth of bone cells on the
alumina surface [139]. Low energy Arþ ion bombardment of a polysiloxane polymer surface improves ﬁbroblast cell growth on this polymer
[140]. Focused ion beams are used to create nmscale defects with controlled protein adsorption
properties [141]. A signiﬁcant advantage from
a regulatory standpoint is the extremely small
amounts of material deposited from the ion
beam are often considered unlikely to induce toxic
or other unfavorable responses when in contact
with human tissue. These facts all indicate that
ion–surface modiﬁcation will play an increasingly important role in the production of biointerfaces.
The deposition of intact biological and synthetic
polymers on surfaces shows promise for creating
new biointerfaces [125,142–147]. Even large DNA
ions have been soft-landed intact on surfaces [144].
These techniques are now being explored for the
creation of arrays for use in combinatorial chemistry or chemical sensors. Intense beams of large
biomolecular ions can be readily produced, although depending upon experimental conditions
the ions so produced can be neat, clustered to
solvent molecules, or dissolved in micron-sized
solvent droplets. Furthermore, the characteristics
of ﬁlms deposited by these methods have been
explored only brieﬂy. For example, these experiments have not applied surface analysis methodologies beyond scanning probe microscopy and
mass spectral analysis of the deposited species by
redesorption/ionization. Nevertheless, these techniques open up an entirely new class of molecular
and biomolecular species for use in ion–surface
modiﬁcation of biointerfaces.
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3.4. Isotopically pure materials
Mass-selected ion beams are inherently composed of a single isotope and therefore can be
employed to create isotopically pure materials
interfaces or dopants in materials. Controlling
the isotopic distribution of a materials interface
promises to aﬀect at least its thermal conductivity
and refractive index. Isotopically pure ﬁlms of 28 Si
on Si(1 0 0) and 107 Ag on Ni(1 0 0) can be grown
from the corresponding hyperthermal atomic ions
[148,149]. Technical limitations such as low vacuum conditions can complicate the production of
isotopically pure materials. Nevertheless, once
these experimental diﬃculties are overcome, a wide
range of isotopically pure materials interfaces can
begin to be explored in depth.
3.5. Challenges to manufacturing with ion–surface
processing
A major challenge for the expansion of ion–
surface processing into high volume manufacturing is the relatively high cost associated with these
methods. Decreasing the processing cost so that it
is the same order of magnitude as paint application, for example, would dramatically increase its
use in a variety of industries where it is currently
cost prohibitive, such as the automotive industry.
However, ion–surface processing possesses a considerable environmental advantage over wet chemical methods in that the former employs no solvents
and wastes little reagent. This savings in chemical
purchase and disposal costs can sometimes compensate for the added capital costs of ion-modiﬁcation equipment.
Other details of the manufacturing process also
dictate whether ion–surface processing becomes
more widely utilized. These include the ability to
produce ion beams of suﬃcient high ion current to
reduce processing times and the determination
whether mass selection of the ions is always required for a given process. One possible strategy is
to use mass-selected ion beams to prototype new
materials, then actually manufacture them in bulk
by plasma, magnetron sputtering, or other methods already adapted to the industrial scale. Finally, ion–surface modiﬁcation must still compete
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with other, often equally powerful technologies.
For example, sub-100 nm ion projection lithography is viable, but it must still compete with electron, vacuum ultraviolet, and X-ray lithography
for a place in the large-scale production of microelectronic circuits.
Simulations are increasingly being applied to
engineering processes of technological importance.
In the near future these models may be used in
production settings to adjust manufacturing conditions, especially for processes that are somewhat
simple, such as sputtering and doping. Atomistic
simulations are usually applied to systems that
have been simpliﬁed somewhat from actual manufacturing conditions. However, as computing
power continues to increase and the devices being
manufactured continue to decrease in size, it is
increasingly useful to apply atomistic approaches
to product design.
In conclusion, ion–surface processing promises
a rich yield of new, rationally designed materials
for technological applications in the new millennium. It also promises to yield many exciting advances in fundamental knowledge regarding the
growth of new materials by a combination of experimental and computational approaches.
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