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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 in-

terfaces; 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 dem-

onstrate 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. � 2001 Elsevier

Science B.V. All rights reserved.
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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. In-
terface science is at the forefront of this revolution
because surfaces of materials dictate many of their

most important properties. Continuing progress
in many technological applications requires the
engineering of interfaces with a wide range of
chemical, physical, and/or morphological charac-
teristics.
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 mi-
cron- and nanometer-scale interface structures.
Ion-induced processes allow the engineering of
interfaces with specific wettability, hardness, resis-
tance to corrosion, optical parameters, electronic
functionality, dimensionality, and/or biocompati-
bility. Technologically important ion–surface pro-
cesses include the production of hard coatings for
machine tools and computer disk drives; biocom-
patible surfaces for tissue culture, contact lenses,
medical implants, and other biomedical devices;
antireflective and protective optical coatings; poly-
mer films for packaging and adhesives; combina-
torial arrays; and chemical sensors. Current or
potential steps of microelectronics manufacturing
that involve ion–surface modification include re-
active ion etching, ion beam repair of photo-
lithography 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 re-
search. Not only can interface properties be ad-
justed 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 pro-
cessing 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 com-
plex 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

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 chemi-
sorb to the surface (activated dissociative chemi-
sorption), 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 reac-
tions) or dissociate and scatter if they are poly-
atomic (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 en-
ergy 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 af-
fecting the bulk region. This energy deposition
causes sputtering of surface atoms as ions or
neutrals, annealing of the surface, mixing of sur-
face 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 ef-
fects of low energy ion–surface impacts have been
extensively studied by researchers in the field of
secondary ion mass spectrometry, where the sput-
tered 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 in-
cident 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 en-
ergies or flux of subsequent ions. Also, ion-induced
secondary electron emission is a significant process
that can cause additional modification of the sur-
face 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 ver-
satile 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 ki-
netic energies far in excess of those required to
completely fragment interact differently with a
surface than their energy scaled atomic constitu-
ents [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 sub-
strate.
The incredible flexibility of ion–surface modifi-

cation has been implemented in a wide range of
techniques and industrial tools. These are de-
scribed schematically in Fig. 2. Ion beam synthesis,
ion beam deposition, ion beam sputtering, ion
beam sputter deposition, ion beam assisted de-
position, dual ion beam sputtering, magnetron
sputtering, electron beam ion assisted deposition,
chemical assisted ion beam etching, reactive ion
beam etching, pulsed laser deposition, plasma pro-
cessing, plasma immersion, ion implantation, in-
tense 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 defini-
tions 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 litho-
graphy [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-equilib-
rium events. Its main weakness is that it is limited
to short time scales on the order of a few pico-
seconds 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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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

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) Mass-

selected 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 ð�Þ, 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 dif-

ference 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 10�4 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.
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example, ions with several eV energy tend to
chemisorb or physisorb on the surface. This ad-
sorption can be modeled using empirical and
semiempirical potentials that are fit to experimen-
tal data and are used to determine atomistic system
energies and forces [25–28]. More accurate meth-
ods are developed from first principles [29], or
model the atoms quantum mechanically but use
empirical methods to model interatomic interac-
tions [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 bi-

nary 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 in-
teractions are modeled with potentials that assume
electronic excitation has occurred. While the bi-
nary 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 colli-
sions 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 con-
figuration is lower in energy it is accepted auto-
matically. However, if the new configuration is
higher in energy a random number is used to de-
termine 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 simula-
tion 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 ex-
pressions to keep track of the various processes
that can occur during ion–surface interactions and
their probabilities. These models are used to de-
termine penetration, adhesion, and defect forma-
tion 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 pro-
ducing 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 modifi-
cation.

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-C3N4, is harder than
diamond and displays similarly high thermal con-
ductivity [39]. The many potential applications for
such a material have encouraged the materials
science community to synthesize either b-C3N4 or
some other variety of hard carbon nitride film.
Some of the attempts to produce b-C3N4 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�

2 and CN� [40–44]. The resulting
carbon nitride films typically display differing mor-
phologies, mixed phases, and varying C/N ratios.
Analytical modeling of the ion beam growth of
carbon nitride provides insight about the compe-
tition 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 ni-
trogen/argon gas mixtures also may be applied to
grow b-C3N4 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-C3N4 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-C3N4 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 ion-
based 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 elec-
tronic 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 pre-
ferred method of deposition is currently magne-

tron sputtering. However, this method is not
precise enough to be used for contacts on the na-
nometer scale, which are becoming increasingly
important as the size of electronic devices contin-
ues 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 in-
creases, 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 mo-
lecular 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 simu-
lations 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 long-
range interactions between the incident ions and
the surface, called steering, that become increas-
ingly 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 ex-
pected, 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 nanostruc-
tures and defects near the surface with unusual
properties.
The deposition of metallic thin films from clus-

ters is well studied because of the unique proper-
ties 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 pene-
trate 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 distribu-
tion [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 vari-
ety of substrates. This process is modeled with
molecular dynamics simulations. The top four
panels of Fig. 4 contains snapshots from a simu-
lation where a 2000 atom Cu cluster is deposited
on a Cu surface with 10 keV of energy [62]. Im-
mediately 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 im-
peded by the additional surface atoms so the crater
rim formation is suppressed. In the opposite di-
rection there is no such obstacle which allows the
rim to slip downhill. The high pressures and tem-
peratures 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 adhe-
sion to the substrate. These predictions agree with
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the results of experiments that use laser vapori-
zation to produce smaller (5–10 atoms/cluster)
charged and neutral metal clusters that impact
with thermal or hyperthermal energies. These ex-
periments reveal that the clusters keep their shape
after deposition giving rise to unusual nanostruc-
tured films [64].
Atomistic simulations [65–68] shed light on ad-

ditional 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 them-
selves 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 core-
excited atoms decay by Auger emission following
scattering off the surface [32].

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 semicon-
ductor 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 flu-
orocarbon films grown on a polystyrene surfaces
from 25–100 eV CFþ

3 and C3F
þ
5 ions. Each ion

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 de-

positing 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].
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leads to different polystyrene film chemistry, when
compared at either similar total ion energy or en-
ergy/atom. These ions form a distribution of dif-
ferent fluorocarbon functional groups in amounts
dependent upon the incident ion energy, structure,
and fluence (Fig. 5). Both ions deposit mostly in-
tact upon the surface at 25 eV, with C3F

þ
5 main-

taining a structure similar to the proposed
CF2@CFCFþ

2 gas phase structure [74,75]. How-
ever, 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 C3F

þ
5

deposition is obtained by molecular dynamics
simulations on the analogous hydrocarbon system,

C3H
þ
5 on polystyrene. Fig. 6 shows the effect of

changes in the ionic structure, in this case C3H
þ
5 ,

on the results of impacts with polystyrene at 50 eV
[74,75]. In addition to the ground state CH2–C

þH–
CH2 structure, two excited states are considered,
CH3–C

þ@CH2 and CH3–CH–C
þH. Panels (a)–(c)

in Fig. 6 show representative dissociation products
for these isomers in snapshots from the simula-
tions while panel (d) summarizes some of the im-
portant 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@CþH isomer
is the easiest to dissociate on impact.

2.1.4. Organic cluster ion deposition
The deposition of carbon or hydrocarbon clus-

ters 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 im-
plants, or as dielectrics. As in the case of metal
cluster deposition, the incident energy plays a
crucial role in determining the structure and pro-
perties of the film. For example, when carbon
cluster beams are deposited on metallic and poly-
meric surfaces at low velocities, nanostructured
films form because the carbon clusters tend to re-
tain 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 hun-
dreds 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 en-
ergies of 0.1–1 eV/atom. The simulations reveal

Fig. 5. Chemical composition of polystyrene thin films modi-

fied by 25–100 eV CFþ
3 and C3F

þ
5 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 sev-

eral nm thick and 30–60% fluorine, with the remaining com-

position carbon. Figure adapted from Ref. [75].
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that cluster size distribution plays a crucial role
[79]. Films are homogeneous, graphitic, and rela-
tively 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 bimo-
dal distribution is used with more large clusters
than small clusters. Films become more dense and
uniform as the clusters’ energy increases––in agree-
ment with experimental results––when a unimodal
distribution of clusters is used.

Fig. 6. The top three panels show snapshots from molecular dynamics simulations of three isomers of C3H
þ
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–C
þH, panel (b) is a representative snapshot from the deposition of CH2–C

þH–CH2, and

panel (c) is a representative snapshot from the deposition of CH3–C
þ–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].
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Organic molecular clusters may also be depos-
ited 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]. Con-
sequently, 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 reac-
tivity 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 com-
plementary 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 se-
lected 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.

2.2.1. B doping of Si with low energy Bþ

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 re-
main 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 simu-
lations.
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 fol-
lowed by annealing produces B-doped regions that
are only 200 nm deep. Bþ ion implantation ener-
gies 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 an-
nealed becomes the limiting factor in the final B
depth distributions for <1 keV ions. Various an-
nealing and preamorphization strategies have been
considered to overcome the problem of damage-
enhanced diffusion during annealing.

2.2.2. B doping of Si with low energy B10H
þ
14

Another method for producing ultrashallow
junctions in Si is B doping with B10H

þ
14 [56,88]. One

advantage of using B10H
þ
14 for B doping is the

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 B10H

þ
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
B10H

þ
14 is only 9% of that for Bþ at similar absolute

ion energy.
Molecular dynamics simulations on the impact

of 4 keV B10H
þ
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 B10H

þ
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 B10H

þ
14 at the Si surface. Panel (a) of

Fig. 7 displays the slight swelling and crater in-
duced by the B10H

þ
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 B10H

þ
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 B10H

þ
14 im-

plantation 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 manu-
facturing [5,84]. This thin-film growth process is
balanced between deposition and etching pro-
cesses. Fundamental reaction mechanisms inher-
ent 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 B10H
þ
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 Si16Ox film is grown on
Si(1 0 0) using a mass-filtered 16Oþ ion beam. Then
the ion beam is switched to deliver only 18Oþ to the
surface. The resulting scattered O�

2 products ex-
hibit a mass of 34 amu exclusively, due to 18O–
16O� [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 cor-
relation between incoming Oþ momentum and
outgoing O�

2 momentum provides strong evidence
for a direct abstraction mechanism [94]. This con-
trasts 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 de-
sign file onto raw Si wafers via optical lithography
[84]. The photomask is a glass plate with Cr fea-
tures 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 fea-
tures 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 cor-

responding 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 corre-
sponding 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 car-
bon 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
Hþ, Hþ

2 , or He
þ ions projected through a stencil

mask that blocks portions of the beam [22,23].
This technology is the basis for ion projection li-
thography, 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 self-
assembled 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].

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

maintaining the bulk properties of the polymers
[99]. Such changes could allow for polymers to
be used in, for example, manufacturing applica-
tions where mechanical degradation is currently a
problem. These improved properties result from
cross-linking at the polymer surface caused by lo-
calized structural damage from the ions. Increas-
ing the incident energy increases the penetration
depth of the ions but does not increase the amount
of cross-linking. For ion energies of several hun-
dreds 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 in-
creases. 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 magni-
tude. Polytetrafluoroethylene and certain other
polymers do not respond well to ion bombard-
ment, however, and simply degrade. It is thought
[102] that when the incident ions transfer their
energy to the surface through ionization or elec-
tronic excitation of the substrate atoms, cross-
linking 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.

2.4.2. 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 co-
efficients 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 implanta-
tion, hard metal nitride formation is thought to
be responsible for the increased hardness of steel,
while oxygen ion bombardment leads to the for-
mation 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 pro-
perties of the steel. When one considers the im-
plications 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 fun-
damental and applied level.

3. The future

The examples developed in the previous section
show that the growth and modification of mate-
rials 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 un-
determined. This is especially true for materials
that are themselves inherently complex. For ex-
ample, it is difficult to determine fundamental
mechanisms for ion modification of steel, which
contains numerous components and whose mi-
crostructure and properties can vary widely with
changes in processing conditions. It is expected

that an improved understanding of these mecha-
nisms 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 cir-
cuits with medium energy ion beams. In addition,
metallic superlattice structures can exhibit giant
magnetoresistance provided they are grown with
smooth, defect-free interface structures. Improve-
ments 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 nanostruc-
tured 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 colli-
sions [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 in-
cident buckyballs, while metal substrates flatten
and dissociate them. At �1 keV, smooth, amor-
phous, diamond-like, hydrogen-free films are pro-
duced 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 sin-
tering. 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 struc-
ture 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 sur-
faces with similar (albeit random) dimensionality.
More subtle effects might occur at yet lower en-
ergies. 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 colli-
sion cascades that extend into the 10s nm range as
the ion energy approaches 10 keV. MeV ion–sur-
face bombardment can transfer a large amount
of energy to the substrate, albeit via electronic
excitations. These electronic excitations cause col-
lision cascades within the substrate and can lead
to the formation of unusual defects and nano-
structures with unique properties (e.g., dam-
age 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

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 be-
tween erosion and surface atom diffusion [129].
Hyperthermal ion sputtering of graphite followed
by reactive etching with oxygen gas forms well-
defined nm-scale etch pits [130]. Researchers are
increasingly likely to produce unique nanostruc-
tures by various combinations of low energy ion
sputtering, deposition of sputtered atoms, an-
nealing, and gas–surface reactions. Slow multiply
charged ions also can be used to produce nano-
structures due to their unique charge transfer-
induced 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 C3F

þ
5 (see

Fig. 5 for chemical analysis of this same surface).
Both dimensions of these features vary consider-
ably with ion energy. The polyatomic ion energy,
fluence, and identity thereby constitute direct
means of controlling the nanostructure on an in-
terface. 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 pat-
terning 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 be-
coming the dominant means by which new mate-
rials with favorable properties are discovered [136].
The method involves the production of a two-
dimensional array of material samples (library)
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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. Li-
braries 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 au-
tomated fashion [151].

3.3. Biointerfaces

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 proper-
ties. Ion implantation improves corrosion resis-
tance or reduces wear in implanted metal devices
[138]. Low energy Mgþ implantation into alu-
mina improves the growth of bone cells on the
alumina surface [139]. Low energy Arþ ion bom-
bardment of a polysiloxane polymer surface im-
proves fibroblast cell growth on this polymer
[140]. Focused ion beams are used to create nm-
scale 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 increas-
ingly important role in the production of bioin-
terfaces.
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 chem-
istry or chemical sensors. Intense beams of large
biomolecular ions can be readily produced, al-
though 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 experi-
ments have not applied surface analysis method-
ologies beyond scanning probe microscopy and
mass spectral analysis of the deposited species by
redesorption/ionization. Nevertheless, these tech-
niques open up an entirely new class of molecular
and biomolecular species for use in ion–surface
modification of biointerfaces.

Fig. 9. Panel (a) shows the atomic force microscope image of

fluorocarbon film grown on a polystyrene surface by 100 eV

C3F
þ
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 C3F
þ
5 ion-modified polystyrene surfaces are

1:8	 0:2 and 7:4	 0:6 �AA (RMS), respectively, indicating that

the higher ion energy leads to a rougher surface. By contrast,

the roughness of the unmodified polystyrene surface is 1:0	 0:2
�AA.
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3.4. Isotopically pure materials

Mass-selected ion beams are inherently com-
posed 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 28Si
on Si(1 0 0) and 107Ag on Ni(1 0 0) can be grown
from the corresponding hyperthermal atomic ions
[148,149]. Technical limitations such as low vac-
uum 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 manufactur-
ing is the relatively high cost associated with these
methods. Decreasing the processing cost so that it
is the same order of magnitude as paint applica-
tion, 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 con-
siderable environmental advantage over wet chemi-
cal methods in that the former employs no solvents
and wastes little reagent. This savings in chemical
purchase and disposal costs can sometimes com-
pensate for the added capital costs of ion-modifi-
cation 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 re-
quired 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 meth-
ods already adapted to the industrial scale. Fi-
nally, ion–surface modification must still compete

with other, often equally powerful technologies.
For example, sub-100 nm ion projection lithogra-
phy is viable, but it must still compete with elec-
tron, vacuum ultraviolet, and X-ray lithography
for a place in the large-scale production of mi-
croelectronic 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 con-
ditions, 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 man-
ufacturing 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 millen-
nium. It also promises to yield many exciting ad-
vances in fundamental knowledge regarding the
growth of new materials by a combination of ex-
perimental and computational approaches.
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