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1. INTRODUCTION
Ion implantation can trace its roots back to the Manhattan
project of the 1940’s and the development of the world’s first
atomic bombs. At the heart of the ion implanter is the mass
analyzer, which was developed during the Manhattan project
as a means of separating the different uranium isotopes.

Ion implantation involves the formation of a plasma using
either a gaseous, solid, or occasionally liquid source con-
taining the isotope which is to be implanted. Ions (usually
positively charged) are then extracted from the plasma and
accelerated to the desired energy (from several hundred eV
to MeVs). The mass analyzer then selects the desired iso-
tope, which is then implanted into a target. The beam is
either electro statically scanned over a single target, or a
number of targets are mechanically scanned in front of the
ion beam. Ion implantation is used in a number of applica-
tions, namely,

• semiconductor doping,
• synthesis of compound layers,
• materials modification,
• understanding the effects of radiation on living tissue.

This chapter deals primarily with nanostructures formed
in semiconductor and semiconductor-related structures
using ion implantation. It then proceeds to examine emerg-
ing fields of research where materials as diverse as super-
conductors and living cells are beginning to be probed and
modified using ion implantation techniques.

2. ION IMPLANTATION
IN SEMICONDUCTORS

2.1. Introduction

Different regions of semiconductor devices conduct via elec-
trons or positive holes, with the dominant conducting species
being termed the majority carrier and the lesser the minority
carrier. In order to make a region of a semiconductor
electron or hole rich, impurity atoms have to be intro-
duced into the semiconductor lattice. These impurities can
either donate electrons (e.g., arsenic (As), phosphorous (P),
or antimony (Sb) in silicon (Si)) or accept electrons and
thereby create positive holes (e.g., boron (B) in silicon (Si)).
These impurity atoms are called dopants.

At least two ion implantation steps are used in the manu-
facture of over 99% of silicon chips and many semiconduc-
tor fabrication processes use more implantation steps. Ion
implantation is used because of the controllability and preci-
sion it affords in placing the desired dopant at the required
location within the semiconductor device.

The depth at which an implanted dopant comes to rest
beneath the surface of the semiconductor is dependent on:

• mass of the dopant ion,
• energy of dopant ion,
• mass of the target atoms,
• implantation angle,
• orientation of the target,
• implantation temperature.

The processes responsible for slowing down the incoming
dopant atom within the target are termed electronic and
nuclear stopping.

Electronic stopping occurs via the excitation of the target
electrons by the incoming dopant atom. It is an inelastic
process and can be likened to the viscous drag experienced
by a ball bearing when dropped into a jar of syrup.

Nuclear stopping, as the name suggests, is the slowing
down of the incoming atom through elastic “collisions”
between the incoming dopant atom and the target nuclei.
These collisions can be described by classical Newtonian
mechanics and can be likened to the collisions experienced
by snooker balls.
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2 Ion Implanted Nanostructures

The peak in the nuclear stopping occurs when the energy
of the ion in keV is approximately equal to the atomic mass
of the ion, so for boron (B), this is ∼11 keV, for arsenic (As)
∼75 keV, and for phosphorous (P) ∼31 keV. Electronic stop-
ping becomes the predominant mechanism at about twice
this value, with the peak in electronic stopping occurring
when the energy in MeV is approximately equal to the mass
of the ion, that is, ∼11 MeV for boron, ∼75 MeV for arsenic
(As), and ∼31 MeV for phosphorous (P). Obviously, where
each atom comes to rest, is a statistical process with some
atoms coming to rest close to the surface while others come
to rest at depth [1] (Fig. 1).

During the nuclear stopping process, target atoms can be
given sufficient energy (10–20 eV) to displace them from
their lattice sites and they in turn can displace other target
atoms. Thus, in the region where nuclear stopping predom-
inates the track of the incoming dopant atom is surrounded
by the tracks of recoiling target atoms—termed the collision
cascade (Fig. 2). For heavy ions (e.g., As, Sb) in a target
such as silicon, the collision cascade is dense and starts close
to the surface (Figs. 2c and 2d). For lighter ions (e.g., B
Fig. 2a and P Fig. 2b), the collision cascade contains far
fewer recoils, occurs close to the end of range, and is fairly
diffuse. The damage produced during implantation is in the
form of vacancies and interstitials, which can form defect
clusters, dislocation clusters, and even extended defects as
the implant progresses. When adjacent collision cascades
overlap, the local energy within the system can be sufficient
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Figure 1. Simulation of 80 keV B implantation into silicon, showing
individual ion paths and depth distribution of implanted B atoms.
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Figure 2. Simulated collision cascades from different elements
implanted into silicon: a) B; b) P; c) As; and d) Sb.

to facilitate a local crystalline → amorphous phase transfor-
mation and if the dose is increased still further, an amor-
phous layer can be produced.

Annealing subsequent to implantation is used to activate
the implanted dopant atoms by placing them on substitu-
tional lattice sites. Annealing is also used to remove, as
far as is possible, the residual radiation damage resulting
from implantation and to regrow regions that have been
amorphized.

Doping, as mentioned previously, is used to modify
the electrical properties of a semiconductor. However, by
increasing the dose of implanted ions, it is possible to syn-
thesize another compound within the target substrate. This
often occurs at temperatures well below those required
for conventional equilibrium growth. This phenomenon is
thought to occur because some of the bonds within the tar-
get lattice have been broken by the incoming ion, and as
the energetic reactants are intimately mixed the reaction
can proceed immediately. Subsequent to implantation, the
structure is normally annealed to remove as much of the
implantation-induced damage as possible and to redistribute
the implanted species. The process of ion beam synthesis
(IBS) is shown schematically in Figure 3.

The size of the synthesized precipitates fabricated by IBS
depends on:

• the implanted dose
• the implanted energy
• the number of nucleation sites available
• the implantation temperature
• annealing temperature and time

Before going on to look at the formation of ion-implanted
nanostructures, it is pertinent to consider the mechanisms
by which they nucleate and grow.

2.2. Precipitate Nucleation and Growth

The nucleation of ion beam synthesized phases depends
on the implanted ion and the substrate material. The
first step in the nucleation of the synthesized phase is
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Figure 3. Schematic showing the process of ion beam synthesis.

thought to be via the occupation of interstitial sites by the
implanted atom [2]. Extended X-ray absorption fine struc-
ture (EXAFS) studies [3] on the early stages of CoSi2
synthesis indicates the presence of CoSi8 cores, which subse-
quently grow into CoSi2 precipitates with the eightfold coor-
dination of the nuclei reflected in the CaF2 structure of the
CoSi2 phase.

The growth of the precipitates during implantation and
the subsequent annealing phase is governed by ther-
mally induced precipitate coarsening (Oswald ripening), the
local concentration of the implanted atoms, and diffusion.
Consider a system in which the concentration of solute
(implanted atoms) remains constant. Then at a given tem-
perature, T , if the solute concentration exceeds the solid
solubility limit of the matrix, discrete precipitates of either
a pure solute phase or a solute-matrix compound will form.
If TE is defined as the equilibrium temperature at which all
the solute is in solid solution with the matrix, then providing
the solid solubility decreases with temperature, when T <
TE precipitates will form. The degree of solute supersatura-
tion is proportional to TE − T . If rc is the critical radius of
a precipitate at an annealing temperature TA, then precipi-
tates with radii equal or greater than rc will be stable at TA,
whereas those with smaller radii will be unstable and will
dissolve. As TA increases, rc increases and the solute atoms
released by the dissolution of the smaller unstable precip-
itates migrate to larger stable precipitates. As an implant
profile roughly corresponds to a gaussian, the largest precip-
itates are found at the peak and the smallest in the wings.
Thus, during annealing, as the temperature rises, the larger
precipitates at the peak appear to suck in solute atoms from
the wings. This is shown schematically in Figure 4.

The following sections examine specific examples of
ion-beam synthesized nanostructures for a number of
applications.

2.3. Light Emission from Silicon

The development of silicon-based, integrated circuit technol-
ogy has more or less followed Moore’s law for the past three
decades. Moore’s law was developed by Gordon Moore, one
of the cofounders of Intel in 1965, states that “the number of
transistors that can be placed on the same area of a micropro-
cessor doubles every eighteen months.” As silicon chips have
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Figure 4. Schematic showing how the critical radius of the ion beam
synthesized precipitates increases with increasing anneal temperature.

become smaller and faster, the feature size has decreased
such that device technology nodes are now measured in
nm. In 2002, Intel demonstrated fully functional chips using
90-nm node technology with 330 million transistors incorpo-
rated onto a single chip. It is true to say that ion-implanted
nanostructures are already part of our everyday life.

The point is now being reached, however, where the delay
time in the devices and interconnects, means that further
miniaturization and increases in packing density are pos-
ing severe technological problems and are not yielding the
increases in circuit speed required for the next generation
of integrated circuits. One route to further improvements
would be to utilize light rather than electrons for on-chip
data transfer. Significant research into silicon-based opto-
electronics has, therefore, been undertaken over the past
10–15 years to see whether conventional silicon circuit com-
ponents can be integrated with optical components on a sin-
gle chip. This research interest is not surprising given the
potential impact such a technology would have on the com-
puter and communications industries—especially if it were
compatible with ultra large scale integration (ULSI) process-
ing and integrated with optical fibers. With respect to the
latter, the 1.5 �m wavelength is of particular interest, as this
corresponds to the wavelength window preferred for optical
communication systems. However, the indirect nature of the
bandgap in silicon would at first sight appear to preclude this
as a possibility. Thus, the search has been to find a method
of achieving optical emitters, waveguides, and detectors in
silicon. Several alternatives have been tried; at present, some
of the most promising utilize ion-implanted nanostructures.

2.4. Ion Beam Synthesis in Silicon

Before going on to look at light-emitting, silicon nano-
structures, it is important to look at the development of ion
beam synthesis. During the 1980’s, it had been shown [4,
5] that when high doses (typically 1�8 × 1018 O+ cm−2	 of
energetic (typically 200 eV) oxygen ions were implanted
into silicon at elevated temperatures (∼600 �C), a buried
dielectric layer some 3000 Å thick was formed beneath a
single crystal silicon overlayer (2000 Å thick). These struc-
tures termed separation by implanted oxygen (SIMOX) [6]
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4 Ion Implanted Nanostructures

could be processed like conventional silicon but had the
additional advantages that devices fabricated on them were
much more tolerant to ionizing radiation and much less
prone to parasitic transistor action between adjacent devices
(latch-up). Early device characteristics were, however, infe-
rior to those in conventional silicon because of residual
defects and SiO2 precipitates in the silicon overlayer (Fig. 5).
The breakthrough came in 1986 [7, 8] when higher anneal-
ing temperatures were used. Before this the maximum
annealing temperature had been 1200 �C, but by increasing
this annealing temperature to 1300 �C for 6 h or 1405 �C
for 30 min, the SiO2 precipitates and the defects in the sil-
icon overlayer were almost entirely removed (Fig. 6). The
evolution of the SIMOX structure with annealing temper-
ature is a good illustration of thermally induced precipi-
tate growth and dissolution. By 1300 �C, the buried oxide
layer is the only stable precipitate and all of the implanted
oxygen tends to segregate towards it. Device characteristics
from SIMOX structures annealed at ≥1300 �C showed sig-
nificant improvements over those annealed at lower temper-
atures and by the late 1980’s commercial implanters [9] had
been produced for the fabrication of SIMOX wafers. More
recently, SIMOX and other silicon on insulator (SOI) sub-
strates have been used to enable further reductions in the
feature size of complementary metal oxide semiconductor
(CMOS) devices, enabling higher speeds and lower power
consumption to be realized.

The success of SIMOX technology encouraged research in
other types of ion beam synthesis, particularly in silicon. In
1987, White et al. [10] at AT&T Bell Laboratories reported
the successful fabrication of hetero-epitaxial CoSi2 in sili-
con. The ion beam synthesized CoSi2 was found to have a
very low resistivity [11] (12 �
 cm) and was seen as having
applications in novel hot electron devices, vertical devices,
and high-speed interconnects. Discrete wires [12], dots, and
buried structures [13] have all been fabricated using IBS
CoSi2. Other metallic silicides were also synthesized using
ion beams. These included NiSi2 [14], CrSi2 [15], YSi2 [16],
ErSi [17, 18], HfSi2 [19] and WSi2 [20]. Apart from the con-
ducting silicides, semiconducting materials such as SiC [21]
were also investigated. In the early 1990’s, interest turned to
IBS of semiconducting �FeSi2.
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Figure 5. SIMOX structure implanted at 1�8 × 1018 O cm−2 200 keV
and annealed at 1150 �C 2 h.
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Figure 6. SIMOX structure implanted at 1�7 × 1018 O cm−2 200 keV
and annealed at 1300 �C 2 h.

2.5. Light-Emitting �FeSi2
�FeSi2 was of interest as it is a semiconductor with a
bandgap of 0.87 eV. If it has a direct bandgap, then it has
the potential to emit light at 1.5 �m, which would make it
compatible with optical fiber technology and facilitate the
integration of electronic and optoelectronic components on
a single chip. The potential impact of such a technology
on the computer and communications industries would be
enormous and thus significant research has been devoted to
investigating the materials—optical and electronic proper-
ties of �FeSi2—over the past 10 years.

There has been some debate in the literature about the
nature of the bandgap in �FeSi2. Band structure calcula-
tions [22, 23] predicted a direct energy gap of approximately
0.85 eV and an indirect energy gap at slightly lower ener-
gies. Some experimental observations [24–27] had concluded
that the bandgap was indirect, while other experimental
results [28–33] indicated a direct bandgap of 0.87–0.89 eV.
The reason for this apparent discrepancy was attributed by
some to the presence of defects in the surrounding silicon,
in particular the D1 dislocation related line (0.81 eV) [34].
It was claimed the observed photoluminescence originated
from these defects rather than from the �FeSi2 itself. Obvi-
ously, if �FeSi2 was to be seriously considered as a good
candidate for optoelectronic devices, this particular contro-
versy had to be resolved.

In 1997, Leong et al. [33] published results on an electro-
luminescent device operating at 1.5 �m, in which a layer of
�FeSi2 precipitates had been fabricated by IBS above a sili-
con p-n junction. More recent theoretical studies by Miglio
and Meregalli [35, 36] have concluded that the extreme sen-
sitivity of the electronic bands to lattice deformation and the
strong electron phonon coupling may account for the dif-
ferent experimental observations. They concluded that the
growth conditions may be critical in determining whether
the �FeSi2, has a direct or an indirect bandgap.

To date, two methods [33, 37, 38] have been successfully
employed to achieve room temperature electroluminescence
(albeit rather weak) from silicon-based structures incorpo-
rating nano-precipitates of �FeSi2. These are:

2.5.1. Ion Beam Synthesis (IBS)
This uses high dose Fe+ implantation, at elevated temper-
atures, (500�–600 �C) into a silicon p-n junction, followed
by a 900 �C, 18-h anneal in a nitrogen ambient [33, 37].
A schematic of this structure is shown in Figure 7a. The
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Figure 7. (a) Schematic of the �FeSi2/Si light emitting device fabricated
by IBS; (b) Schematic of the �FeSi2/Si LED fabricated by RDE.

optimum results to date were found for samples implanted
with a dose of 1�5 × 1016 Fe cm−2. It has also been found
that the best results are obtained when the �FeSi2 precipi-
tates a buried well below the silicon surface. This is thought
to be because this allows carrier injection and direct recom-
bination to occur in relatively undamaged silicon, whereas
for the samples implanted at lower energies, this region is
much thinner and contains a higher number of defects. The
quenching of the EL signal for the IBS samples, is found
to depend on the doping density of the p-type layer, and
hence the proximity of the �FeSi2 precipitates to the deple-
tion region. The best results were achieved for the highest
p-type doping density (1× 1018 B cm−3	.

2.5.2. Reaction Deposition Epitaxy (RDE)
Using this technique, Suemasu et al. [38] deposited a thin
(∼10 nm), continuous layer of epitaxial �FeSi2 on a pre-
grown p-n junction. After which, the sample was annealed
in ultra-high vacuum at 850 �C for 1 h and then 0.3 �m of
p-type silicon was deposited, at 500 �C by molecular beam
epitaxy (MBE). The structure was then annealed in an argon
ambient at 900 �C for 14 h. A schematic of this structure is
shown in Figure 7b. Using this technique, the �FeSi2 nano-
balls are fabricated across the p-n junction. The room tem-
perature electroluminescence (EL) increased superlinearly
with injected current density and a reasonable EL signal was

observed at room temperature for injection currents above
10 A cm−2.

The weak room temperature electroluminesence observed
from �FeSi2 means that although this material is an interest-
ing candidate for silicon-based optoelectronics, unless signif-
icant improvements are made in the intensity of the emitted
light, it is not a serious candidate for commercial devices.

2.6. Ion-Implanted LEDs
in Silicon-Dislocation Engineering

In 2001, Ng et al. [39] reported room temperature elec-
troluminescence from a boron-implanted device, which the
authors attribute to “Dislocation Engineering.” In this study,
they implanted B to a dose of 1×1015 B cm−2 at an energy of
30 keV into an n-type silicon substrate (CZ 2–4 
 cm). The
sample was then annealed at 1000 �C in a nitrogen ambient
for 20 min. The implantation of B meant that a p-n junc-
tion was produced; the B implantation also produced small
dislocation loops 80–100 nm in diameter located ∼100 nm
below the junction. The authors claim that the strain field
associated with these dislocation loops leads to an increase
in the local bandgap of 0.35–7 eV, causing a blocking poten-
tial barrier that confines the carriers within the junction
region and allows room temperature electroluminescence to
be achieved. The main peak of the room temperature elec-
troluminescence spectrum is found at 1.16 �m. The authors
claim an external quantum efficiency of 2 ± 0�1 × 10−4 for
this device, making it a promising candidate for silicon-based
optoelectronics (for comparison, commercial GaAs infrared
LED have external quantum efficiencies of typically ×10−2	.

In order to see whether this dislocation engineering
approach could be used to fabricate devices operating at dif-
ferent wavelengths, Lourenco et al. [40] incorporated it with
known radiative centers (such as �FeSi2 precipitates and
Er). Nonradiative defect centers in the bulk and at the sur-
face are thought to be responsible for the thermal quenching
observed in �FeSi2 precipitate structures and those incor-
porating Er. The authors claim that the provision of a bar-
rier between the surface and the bulk, in the dislocation
engineered samples enables the recapture of blocked carri-
ers, enhancing the radiative routes and significantly reducing
the thermal quenching. The results presented [40] appear
to support this supposition, although apart from wavelength
tuning, the authors do not appear to have significantly
improved on the efficiency of their original device.

In parallel to work on light emission from nanostructures
in silicon, work has also been progressing on nanostructures
in silicon dioxide both for light emission and novel device
applications. These will be discussed in the following two
sections.

2.7. Light Emission from Silicon
Nanocrystals in Silicon Dioxide

Over the past decade, there has been significant interest in
silicon nanocrystals fabricated in silicon dioxide layers on
silicon. These materials are of interest for applications in
optoelectronics and their potential uses in volatile memory
devices [41, 42]. The nanocrystals are either produced by
the implantation of silicon ions into silicon dioxide [43–47]
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6 Ion Implanted Nanostructures

or by the annealing of substoichiometric SiOx layers (Si ∼
46 at %) on silicon [48] fabricated using plasma-enhanced,
chemical vapor deposition (PECVD). The implantation of
silicon is seen as a particularly attractive route for the for-
mation of these nanocrystals, since it is fully compatible with
silicon process technology and enables precise amounts of
atoms to be placed at controlled depths. It also allows the
samples to be masked so that nanocrystals can be placed in
discrete regions of a device.

Silicon nanocrystals formed by implantation are fabri-
cated using high doses (typically 1×1015–1×1017 ions cm−2	
of silicon implanted into silicon dioxide at energies of 25–
200 keV, such that the peak concentration of the implanted
ions ranges from 0.3 to 46 Si at %. The samples are normally
implanted at room temperature. Subsequent to implanta-
tion, the samples are annealed in an inert ambient at tem-
peratures >950 �C for times ranging from 1–20 h. Most of
the experiments have been undertaken on thermally grown
silicon dioxide layers on 	100
 silicon wafers. The oxide lay-
ers are typically 100–600 nm thick, although Linros et al. [49]
used films of 10–100 nm thick. The oxidation temperature
is typically around 1100 �C and both wet and dry oxidation
methods have been used. For thin layers of silicon diox-
ide, a single energy implant is normally used for which the
projected range of the implanted ions is approximately one-
third the oxide thickness. For thicker oxide layers, multiple
energy implants are used to give an approximately constant
concentration of implanted ions over a depth range com-
mensurate with the oxide thickness (typically 100–400 nm).

After implantation, most of the implanted atoms exist as
small, elemental, crystalline, nano-precipitates with a smaller
amount of the implanted species in a solid solution with the
silicon dioxide. Silicon nanocrystals have been shown to be
responsible for the strong red PL which is found at ∼1.7 eV
[43, 44, 46, 50, 51]. It is now generally recognized that there
is a strong correlation between the wavelength of the emit-
ted light and the size of the silicon nano-crystals. More
recently Lopez et al. [45] have shown that the photolumi-
nescence (PL) intensity follows the volume fraction of pre-
cipitates. Figure 8 shows the results for silicon nanocrystals
fabricated by both implantation and PECVD for a range of
annealing temperatures and times. The nanocrystals fabri-
cated by PECVD are generally smaller than those formed
by implantation and appear to have a more uniform size
distribution. Lopez et al. [45] have described two regimes
with respect to the density of silicon nanocrystals. The first is
when the concentration of silicon in the silicon dioxide layer
falls below a certain critical value (Lopez et al. [45] suggest
≤10% at % Si, but other authors [46] think the value is
lower). In this regime, the system should be treated as dilute,
that is, each silicon nanocrystal can be treated as a discrete
entity which is unaffected by other silicon nanocrystals since
these are so far away from it that their influence is negligi-
ble. This is especially valid given the low diffusion coefficient
of silicon in silicon dioxide, which is thought to be between
5 × 10−18 and 1 × 10−16 cm2 s−1 [52, 53]. For higher doses,
Lopez et al. [45] suggest that this regime can no longer be
treated as a dilute system and that the interaction between
nanocrystals must also be taken into account.

Most reports on silicon-implanted nanostructures report
a PL peak at around 1.7 eV (728 nm). However, Rebohle
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et al. [54] report blue-violet PL (2.7 eV) in silicon-implanted
samples, while [54–56] report PL at 3.2 eV for Ge-implanted
samples and [54] report intense PL at 3.1 eV for Sn-
implanted samples. The PL in the blue appears to come
from an oxygen deficiency center rather than the nano-
crystals themselves.

Considering the luminescence at around 1.7 eV, most
authors agree the exact position of this peak appears to be
dependent on the implanted dose of silicon [45, 46, 57, 58],
with a red shift in PL peak position generally being observed
with an increasing dose. Most agree that this red shift only
occurs after a certain critical dose [45, 46, 59], although
the magnitude of this dose appears to be influenced by the
experimental conditions. Electron paramagnetic resonance
(EPR) results [43, 45] show the presence of an E′ center.
After implantation, this paragmagnetic center is associated
with oxygen vacancy related defects [60, 61] the paramag-
netic center associated with dangling bonds at the Si/SiO2
interface is also observed (Pb center). During annealing, the
E′ centers are quickly annealed out and the intensity of the
Pb signal at first decreases and then saturates.

The highest PL peak intensity is reported [45, 46] for
samples containing ∼10 at % Si. For samples containing
≤10 at %, the PL intensity is found to initially increase with
annealing time, after which it saturates [47]. Lopez et al. [45]
suggest that during the initial stages of annealing, the sili-
con nanocrystals grow and some kind of surface passivation
takes place (to account for the observed reduction in the
EPR signal due to Pb centers). The nanocrystals then reach
the critical radius for that annealing temperature and their
size stabilizes, as does the number of dangling bonds at the
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silicon/silicon dioxide interface. Interestingly, Cheylan and
Elliman [62] have found that using a second stage anneal
at 500 �C in forming gas (95% N2, 5% H2	 results in an
increase in PL intensity and a red shift in the emission peak.
They have concluded that this increase in PL intensity may
be a consequence of the passivation of nonradiative defects
(e.g., silicon-dangling bonds).

There is some debate in the research about the mech-
anisms responsible for the luminescence at 1.7 eV. Some
investigations have concluded that the observed PL is a
result of quantum confinement (direct recombination of
electrons and holes confined within the silicon nanocrystal),
while others have concluded that it results from surface
states in the interfacial layer between the silicon nanocrystal
and the surrounding silicon dioxide. At first sight, the red
shift observed in the PL peak position with increasing sili-
con dose [45, 46, 63], would appear to support the quantum
confinement supposition. However, at lower doses, although
the precipitates increase in size with annealing temperature
(Fig. 8), the PL peak position does not change. Moreover,
for samples annealed in forming gas [62] the precipitate size
remains approximately constant and a red shift in the peak
intensity is observed, which tends to suggest that the inter-
face states at the silicon dioxide interface are also involved
in the light emission.

The model that is most widely accepted for the observed
light emission from silicon nanocrystals [46, 64–66] is that
the light comes from the recombination of a quantum-
confined exciton which is self-trapped [59, 60] in a size-
dependent Si = O level [67] at the silicon-crystal/silicon
dioxide interface. These interface states appear to be criti-
cally dependent on both the surface configeration [47] and
the density of the silicon nanocrystals [48].

2.8. Er-Implanted Silicon Nanocrystals

Very recently, Pacifici et al. [66] has shown that if Er is
implanted into a structure containing silicon nanostructures
fabricated by PECVD, intense room temperature electrolu-
minescence at 1.54 �m is observed. The silicon nanocrystals
were ∼1 nm in diameter and Er was implanted to a dose
of 7 × 1014 Er cm−2, at an energy to place its peak in the
center of the silicon dioxide layer where the nanocrystals are
located. When an LED incorporating this structure is for-
ward biased, the EL is quite intense even at room tempera-
ture. The authors suggest that strong coupling between the
silicon nanocrystals and the implanted Er atoms effectively
enables the nanocrystals to pump the Er, that is, each silicon
nanocrystal absorbs energy that is preferentially transferred
to the Er atom. This is observed in the strong increase of the
excitation cross-section of the Er atom in the presence of
silicon nanocrystals when compared to Er in the pure oxide
host. Quoted quantum efficiencies larger than 1% have been
claimed for this type of device [68]. Moreover, Er-doped
silicon nanocrystals could, in principle, form the basis of a
silicon laser as they combine the advantages of silicon (effi-
cient excitation) and SiO2 (negligible thermal quenching of
luminescence), while avoiding their disadvantages (low exci-
tation efficiency of SiO2 and strong nonradiative processes
in bulk Si). In contrast, the dislocation engineered structures

are unlikely to prove suitable for the fabrication of a sili-
con laser, since they are likely to still suffer from the two
main problems encountered in bulk silicon which prevent
population inversion, for example, auger recombination and
free-carrier absorption.

2.9. Combined Si and C Implants
into Silicon Dioxide

González-Verona et al. [69] implanted both C and Si into
SiO2 layers. They implanted Si first at two energies in order
to obtain a rectangular implant profile, buried 100 nm–
300 nm from the surface, with a silicon excess of ∼30%.
They then implanted C so that the peak of the implant lay
at the center of the implanted silicon distribution, with the
peak C concentration 2 × 1022 C cm−3 being approximately
equal to that of Si in this region. Subsequent to implanta-
tion, the samples were annealed at 1100 �C for 4 h. Samples
implanted with just silicon showed a strong red lumines-
cence from silicon nanostructures, whereas those that had
also been implanted with carbon showed a strong white
emission. Photoluminescence analysis of this white emission
shows three distinct peaks at 1.45 eV (854 nm), 2.1 eV
(590 nm), and 2.8 eV (442 nm). These are thought to corre-
spond to silicon nanocrystals (∼4 nm in diameter), carbon
rich amorphous clusters, and 6H-SiC nanocrystals (∼7 nm in
diameter), respectively. These results demonstrate the ver-
satility of IBS and a potential method of tuning the emitted
light.

2.10. Blue Emission from Group IV
Implanted Silicon Dioxide

Germanium-doped silica glasses are known to exhibit a
strong absorption band at 5 eV. More recently, blue EL
has been observed from silicon implanted layers [54, 70,
71], violet EL from Ge-implanted layers [54–56, 72, 73],
and blue-violet EL from Sn-implanted SiO2 layers [51]. It
is thought that the light emission in these structures arises
from an oxygen deficiency center rather than the nano-
crystals themselves. However, a power efficiency of 0.5%
has been achieved for Ge-implanted silicon dioxide layers
and the first successfully integrated optocoupler has been
demonstrated [74].

2.11. Other Implants into Silicon Dioxide

Apart from the work mentioned above, a wide variety of
other compounds have been synthesized in silicon dioxide.
These include GaAs [75], ZnS [76], and ZnTe [77].

2.12. Smart Cut

High-dose ion implantation does not always lead to the
formation of compound layers or discrete elemental nano-
crystals. This section describes how high doses of inert
ions can be used as atomic scalpels to allow thin layers
of crystalline material to be placed on any kind of sub-
strate (dielectric, glass, plastic, quartz, amorphous silicon,
crystalline semiconductor, etc.). The Smart Cut™ process
developed in the LETI Laboratories, Grenoble, France,
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in 1991 involves the implantation of H+ ions into a tar-
get substrate (usually silicon). These hydrogen atoms then
form small bubbles and microcavities, the size and den-
sity of which is dependent on the implantation parameters.
These structures grow during implantation in a manner that
again depends on the implanted dose, implantation energy,
dose rate, implant temperature, and thermal history of the
implanted wafer. When the distance between cavities falls
below a certain threshold value, intercavity fractures occur
that propagate through a percolation-type process [78]. This
leads to a structure where all the microcavities are joined
and expressed on the surface of the wafer by the forma-
tion of a blister. The driving force behind the formation
of this blister is the gas pressure in the microcavities and
stresses within the layer. By bonding another substrate to
the implanted wafer, blister formation is suppressed and
instead, a homogeneous force exists throughout the surface
layer, enabling the surface layer to be split away from the
underlying material with relative ease. After this, the sam-
ple undergoes a high temperature anneal and surface polish.
Figure 9 shows a schematic of the Smart Cut™ process.

Smart Cut™ can be used in any material where
microcavities can be produced by hydrogen or inert gas
implantation. The fact that it uses implantation allows the
thickness of the Smart Cut™ layer to be tailored for each spe-
cific application. Smart Cut™ silicon on insulator substrates

A
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A

A

B

B

Thermal Oxidation

SOl wafer

Anneal & polish

Hydrogen

implantation

Rotate wafer A

Bond to

wafer B

Split along

microcavities

Figure 9. Schematic of Smart Cut™ process.

have been in commercial production since 1996, where
along with SIMOX they provide a route for the realiza-
tion of high speed, low-power consumption CMOS ICs.
Recently [79], Smart Cut™ has been used in crystalline SiC
structures which have enabled it to be bonded onto silicon
substrate. The process has been used successfully in GaAs
and InP [79–81].

3. OTHER APPLICATIONS
OF ION BEAM SYNTHESIS

3.1. Superconducting Nanocrystals
Synthesized by IBS

Another very recent application of ion beam synthesis is
in the fabrication of superconducting MgB2 nanocrystals.
Although superconductors based on the YbaCuO system
have been found with high superconducting transition tem-
peratures (Tc	, they cannot be deposited as thin films. The
superconductor that can readily be deposited as a thin film
is Nb, but this has a very low Tc of 5 K. The recent dis-
covery of a superconducting phase transition with a high Tc

value of 39 K in ceramic MgB2, has stimulated a new wave
of worldwide research into the superconducting properties
of this material and other related AB2-type compounds [82,
83], since these have the potential of being grown as thin
films.

So far, various thin film preparation methods have been
explored for the fabrication of MgB2 in many different lab-
oratories with different substrates [84–87]. It is worth not-
ing here that the most important factor influencing the Tc

value appears to be related to the deposition method rather
than the substrate materials used. A survey of the available
literature reveals a number of major technical problems,
which stand in the way of realizing high Tc MgB2 thin films
using conventional growth techniques. These include pos-
sible MgO contamination, poor stoichiometry control, and
the need for a high temperature post-deposition anneal. The
annealing temperature normally employed for producing the
high Tc superconducting thin films is generally between 600�

and 1000 �C, suggesting that these growth methods involve
Mg diffusion into the solid B. As Mg starts to melt and
MgB2 starts to dissociate at temperatures around 620 �C
[88, 89], such a high annealing temperature are obviously
undesirable for superconductor fabrication.

In order to avoid the unwanted high temperature step
while still maintaining favorable MgB2 formation conditions,
IBS has been used [90]. This involved the implantation of
11B into a solid Mg target. Peng et al. [80] have shown that
MgB2 thin films can be successfully fabricated by high dose
11B implantation into commercial Mg ribbon followed by a
relatively low temperature anneal at 500 �C. Figure 10 shows
a XTEM image of a Mg sample implanted with 1×1018 cm−2

11B at 80 keV and annealed at 500 �C for 15 min in flow-
ing Ar gas. Figure 10 shows a buried layer containing small
nano-precipitates of MgB2. Magnetic susceptibility measure-
ments on these samples reveal both the low temperature
superconducting transition at 15 K and the high temperature
transition at 36 K. Preliminary studies on these structures
also indicate that the size of the MgB2 nano-precipitates play
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100 nm

Figure 10. XTEM image of IBS MgB2.

a crucial role in determining the magnitude of the higher
temperature transition temperature.

All of the work discussed thus far uses relatively high
doses of ions to form discrete nanostructures. The work dis-
cussed in the final section considers much lower doses and
looks at their impact in a wide diversity of areas.

3.2. Medical and Future Applications
of Ion Implantation

The smallest structures that can be envisaged are those
where only a single ion is implanted. This technique is
already being employed to target living cells in order to
better understand the way in which ionizing radiation inter-
acts with biological material [91]. Such research has impor-
tant implications both for the development of radiation
treatment strategies for cancer [92, 93] and for identifying
potential risks from low-level radiation. By targeting cells
individually, using submicron ion beams that deliver a pre-
cise number of ions to each cell (usually 1), it is possible
to address a number of important radiobiological questions
not easily studied by other methods. There are three areas
where this technique excels:

• the ability to irradiate selected targets within individual
cells;

• the ability to selectively target one or more cells within
a population of cells;

• the ability to deliver exact low doses of particles to one
or more cells, or to a whole population of cells.

The recent application of microbeam techniques to
radiobiology is already yielding important information
regarding the effect of ionizing radiations on cells and
tissues, particularly at low doses relevant to risk. The
microbeam provides an elegant method for accurately deliv-
ering single particles to cellular and subcellular targets
in vitro, which experimentally mimics what happens with

environmental exposure to �-particle emitting radionuclides
(i.e., from radon, which represents the largest single con-
tribution to our overall background dose). Microbeams will
also be an important tool in the development of improved
radiotherapy treatment strategies. The unique ability of a
microbeam to probe effects at the individual cell and sub-
cellular level will ultimately lead to a better understanding
of both the mechanisms involved in tumor cell killing by
radiations and those involved in cancer induction to nearby
healthy tissue from low doses outside the treatment field.

Of relevance to both clinical and risk related stud-
ies, is the role of so-called “nontargeted” effects where
cells respond indirectly to energy deposited by radiations.
One such effect is the occurrence of damage arising from
radiation-induced cell signaling, both intracellular (i.e., from
the cytoplasm to the nucleus) and intercellular (from cell
to cell) and referred to as the “bystander effect”). In fact,
recent discoveries have revealed a number of radiobiolog-
ical effects that are known to cause significant deviations
from the assumed dose-effect relationship, particularly at
low doses. Such effects include the bystander effect, genomic
instability (where damage is revealed in cells several gen-
erations after the initial exposure), and low-dose hypersen-
sitivity. The ability of a microbeam to selectively irradiate
subcellular targets and individual cells, and give the ultimate
low dose of particles (i.e., just a single particle), make it ideal
for the study of these effects. As the understanding devel-
ops of the responses of subcellular targets to irradiation, so
potential targets for new drug development may emerge.

In addition to their applications in radiobiology, ion
microbeams and the new generation of nanobeams are likely
to play an increasingly important role in the future where
potential applications include:

• study of single event upsets in digital electronic devices;
• study of selective radiation damage and strain fields in

ultra-large scale integrated circuits;
• nano-lithography in polymers using precisely defined

single-ion tracks;
• surface modification of catalysts for improved chemical

reaction yields and selectivity;
• nano-implantation into semiconductors for direct writ-

ing of quantum dots and wires;
• quantum computing using the implantation of single

ions.

4. CONCLUSIONS
In this chapter, the history of the technique of ion beam syn-
thesis has been reviewed from the development of atomic
weapons to cancer therapy. It has been shown that IBS
structures have enabled high-speed, radiation-tolerant inte-
grated circuits to be developed and that this technology
will provide an important route for the realization of even
smaller devices for future generations of integrated circuits.
Ion implantated nanostructures may also play a key role
in the development of silicon-based optoelectronics, as they
provide routes for the fabrication of both laser and light-
emitting devices (LED) structures. In addition, IBS super-
conducting films are just beginning to be developed; these
may allow the full potential of commercial superconductivity

Proof's Only
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to be realized and exploited. In the future, the development
of nano-beams offers a huge diversity of opportunities from
quantum computing to cancer therapy.

GLOSSARY
Å Angstrom = 10−10 m.
Amorphous Random arrangement of atoms.
CaF2 structure Cubic structure type with Ca coordination
number 8 and flourine coordination number 4.
CMOS Complementary metal oxide semiconductor. Basic
building block of computer memory chips. Contains two
transistors of opposing polarities, when one is off the other
is on.
CZ Silicon grown by the Czochralski technique which
involves dipping a seed crystal into a crucible of molten sil-
icon and drawing out a solid silicon ingot.
Doping Introduction of impurities into a semiconductor
lattice to modify electrical conduction.
Electroluminescence Light is emitted in response to an
applied electric current.
EPR Electron paramagnetic resonance. Technique which
involves flipping the spin of an electron associated with a
paramagnetic centre in a magnetic field.
eV Electron volt = 1�60218× 10−19 J = 23�053 kcal/mol.
EXAFS Extended X-ray absorption fine structure.
Technique for probing the local structure around almost any
element in the periodic table (except the lightest). Gives
information about near neighbours and average interatomic
distances.
Exciton Electron hole pair found in semiconductors and
insulators in an excited state. The hole behaves as a positive
charge and the electron is attracted to it, to form an exotic
atom state similar to a hydrogen atom.
Interstitials Sites between crystal lattice planes where an
impurity or host atom can be located. These atoms are not
bonded to the crystal lattice.
Ion beam synthesis Synthesis of a compound layer within
a target substrate using ion implantation.
LED Light emitting diode.
MeV Mega electron volt = 1 million eV.
Phonon Quantum of lattice vibration.
PL Photoluminescence light is directed onto a sample
where it is absorbed, and imparts excess energy to the mate-
rial via a process of photon excitation. One mechanism by
which this excess energy can be liberated is via the emission
of light (luminescence) if this process involves photoexcita-
tion the emitted light is termed photoluminescence.
Superconductivity is the ability for a material to conduct
electricity with practically zero resistance.
ULSI Ultra large scale integration refers to how many
circuit elements can be placed on a single chip. Where
very large scale integration (VLSI) stops and ULSI starts
is unclear but it is generally thought that above 1 million
circuit elements on a chip is ULSI.
Vacancies Sites in a crystal lattice where an atom is missing.

Waveguide A material medial that guides and confines a
propagating electromagnetic wave.
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